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Abstract
The current gold standard for bone graft material is autologous bone, which provides
mechanical support, possesses factors that promote bone formation, and contains
connective tissue progenitors (CTPs), a heterogenous population of connective tissue
stem and progenitor cells that contribute to neotissue formation. A major limitation to
autologous bone grafts is the risk of surgical complications associated with graft
harvesting as well as significant donor-site morbidity. Available bone graft substitutes
are not as efficacious as autologous bone, resulting in a prescient need for improved bone
grafting materials. A promising tissue engineering approach involves the use ofbioactive
biomaterials that can promote the selective retention of CTPs from pre-seeded autologous
bone marrow. When presented in a tethered form, EGF has been shown to promote the
survival and enhance the adhesion of culture expanded CTPs. Therefore, the hypothesis
of this work was that tethered EGF could be used to enhance the retention of osteogenic
CTPs from freshly aspirated bone marrow.
Numerous adhesion ligands and growth factors have been investigated for use as
candidates for the functionalization of bioactive materials. In this work, we showed that
synergy-RGD peptides, which incorporate the putative synergy site on fibronectin, can
promote cell adhesion through both a5pl and av33 integrins. We then investigated the
effects of tethered EGF on CTP colony formation in the context of defined adhesion
environments using a functionalizable comb copolymer. We found that tethered EGF
increased the colony forming efficiency of CTPs from fresh human marrow when cell
attachment was promoted by either non-specific protein adsorption, fibronectin
preadsorption, or through the synergy-RGD ligand. In contrast, soluble EGF did not
increase colony formation, demonstrating the importance of the modality of ligand
presentation. Quantitative image analysis also suggested that while tethered EGF did not
promote increased osteogenesis at early times after cell seeding tethered EGF may induce
the proliferation and migration of cells within osteogenic colonies.
These results provide important insight into both the study of the effect of EGF on CTP
behavior, as well as the use of tethered EGF as a potential ligand for use in biomaterials
that promote the selective retention of CTPs.
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Chapter 1. Introduction
1.1 Strategies for tissue engineering
In 1993, Langer and Vacanti defined the field of tissue engineering as "an
interdisciplinary field that applies the principles of engineering and life sciences toward
the development of biological substitutes that may restore, maintain, or improve tissue
function" and identified three general strategies that could be utilized for the development
of new tissue [1] :
1. The use of cells or cell substitutes to replace defective cells or tissue
2. The use of substances that can replace tissue
3. The use of cells placed on or within matrices
Biomaterials play a crucial component in the latter two strategies. As the discipline of
tissue engineering has expanded in academia, medicine and the private sector [2, 3], so
has the development of new generations of biomaterials. While earlier generations of
biomaterials were designed principally to promote biocompatibility, biomaterials are now
being designed and developed to not only be biocompatible, but also to promote tissue-
specific cell behaviors that are required for the regeneration of a functional target tissue
[4]. These materials can be broadly categorized as bioactive biomaterials [5]. A set of
key design principles for the development of biomaterials for tissue engineering
applications has emerged, as a means to address the challenges involved in regenerating
tissue [6, 7]. These principles can be broadly characterized as pertaining to either the
bulk properties or surface properties of a biomaterial.
Because permanent materials elicit a chronic inflammatory response [8], it is
highly desirable for a material to degrade or resorb over time [9]. While the surface
properties of a material are also important, resorption is largely dictated by the bulk
properties of a material, including hydrophobicity, crystallinity, and the susceptibility to
hydrolysis (or enzymatic degradation) of the material [9-11]. The major challenges
involved with designing resorbable materials include consideration of the
immunogenicity and toxicity of degradation products, as well as the maintenance of
adequate mechanical strength as the material degrades. The bulk properties of a material
also influence the way in which it can be processed and formed into a specific shape or
geometry [6]. Therefore, it is often necessary to design a material to achieve a balance
between resorption over a given timescale and the mechanical requirements for a given
application.
In contrast, the surface properties of a biomaterial are primarily responsible for
dictating cellular behavior in response to and interactions with the biomaterial. As noted
previously, while the first generation of biomaterials was selected for inertness upon
implantation, the second generation included bioactive biomaterials that would promote
tissue regeneration through controlled biological interactions [4]. A prominent example
of a second generation material is bioactive glass, of which many variations have been
used to promote bone growth through an inorganic chemical process [12]. With the
newest generation of materials, however, there is a focus on promoting behavior on the
cellular and molecular level. According to Griffith and Naughton, the ideal biomaterial
"would selectively interact with the specific adhesion and growth factor receptors
expressed by target cells in surrounding tissues required for repair of damaged tissue [7]."
To accomplish this, the general approach involves the use of a material that is by itself,
biologically inert, but can be modified with ligands (i.e. adhesion peptides, growth
factors) that promote a desired response. These cell behaviors first involve cell adhesion,
and may also include cell migration, proliferation, and/or differentiation [5].
1.2 PEO as an inert surface for tissue engineering
When a traditional biomaterial is placed in contact with a biological fluid, plasma
proteins are thermodynamically driven to adsorb to the surface [13, 14]. These proteins
include adhesive extracellular matrix (ECM) proteins, which mediate cell attachment.
The process of protein adsorption is complex and differs dramatically across materials,
making it difficult to predict which ECM proteins will be responsible for promoting cell
adhesion upon implantation. To promote the regeneration of a specific tissue, it is
desirable to have an enhanced degree of control over the cell adhesion process. For tissue
engineering applications, it may be desirable to target the adhesion of one particular cell
type, or even one specific adhesion receptor. As a result, it is preferable to design
biomaterials that can promote adhesion through a defined set of interactions. One way in
which biomaterials have been modified is through the selective pre-adsorption of a
particular ECM molecule [15, 16]. This approach is useful, but is somewhat limited
because of the exchange of adsorbed proteins that may occur over time [17]. Therefore,
another approach that may promote a higher degree of cell specificity is though the
functionalization of materials that are inherently cell resistant.
One material that has been used extensively in the development of bioactive
polymeric biomaterials is polyethylene oxide (PEO) [18, 19]. This material has proven to
be both biocompatible, and is highly resistant to cell adhesion without further molecular
modification. Unlike most traditional polymeric biomaterials such as polyethylene, or
silicone rubbers, PEO is resistant to the process of nonspecific protein adsorption [20]. In
addition, PEO-based materials can be covalently modified with ligands that promote cell
adhesion or signaling through specific receptor-surface interactions.
1.3 Lihands for biomaterial modification
Ligands used for modifying biomaterial surfaces include cell-adhesive ligands and
growth factors that promote cell proliferation, differentiation, and tissue growth. The
largest volume of research to date has involved the use of small RGD peptides [21],
which promote adhesion through integrins, the primary cell receptors [22]. An advantage
of using small peptides is that they can be designed to target a specific binding event,
unlike native ECM proteins which typically have multiple binding sites and may promote
additional non-specific interactions. Modification with adhesive ligands can add a
significant amount of bioactivity to a biomaterial. The adhesion state of a cell has a
significant effect on other cellular activities, such as migration [23] and survival [24]. In
addition to promoting the mechanical attachment of a cell to a surface, integrins can also
promote intracellular signaling that further affects cell behavior [22, 25, 26].
While adhesive ligands can have a large effect on cell behavior, these effects are
promoted within the context of other factors in the surrounding cellular environment [27-
31]. In particular, growth factors such as epidermal growth factor (EGF) [32], platelet-
derived growth factor (PDGF) [33], and fibroblast growth factor (FGF) [34] play a major
role in influencing multiple aspects of cell behavior. Like adhesive ligands, the specific
effect that a growth factor exerts upon a cell often depends on a number of factors
including cell type, receptor expression, and concentration. Furthermore, growth factor-
induced behavior is often highly dependent upon the presence of other growth factors, or
even the adhesion molecules that are promoting cellular attachment. As a result, a major
area of research involves understanding how growth factors presented from a material
may differentially affect a cell compared to growth factors that are presented in soluble
form [35]. In some cases, the presentation of matrix-associated growth factors may better
approximate the scenario that exists during tissue regeneration in nature, as many growth
factors are associated with ECM proteins [36]. In fact, ECM molecules themselves have
repeats that can act as ligands for growth factor receptors [37]. A clear difference
between soluble and tethered growth factors is that tethered growth factors are not
susceptible to depletion. However, growth factor tethering (Figure 1.1) can also prevent
receptor internalization [35], which has been shown to play a major role in attenuating
receptor-mediated signaling and resulting cell behaviors, such as proliferation [38].
Our group has studied the effect of tethered EGF on the behavior of a number of
different cell types, and has found that the resulting behavior in many cases differs from
that induced by soluble EGF [35, 39, 40]. It has been clear that an important facet of
designing bioactive biomaterials that have been functionalized with growth factors
involves not only the engineering challenges associated with developing the material, but
also an understanding of the cellular biology that results from these unique presentation
modalities. Therefore, while the use of adhesion ligands and growth factors in
biomaterials has become widespread as a general tissue engineering strategy, individual
approaches must be investigated and refined for specific applications. One area in
particular where tissue engineering can have a clear immediate therapeutic impact is in
orthopedics, specifically for bone grafting applications.
1.4 Bone grafting
It is estimated that 500,000 to 600,000 bone grafting procures are performed each
year in the U.S. alone [41]. These procedures are warranted when the body cannot
promote the healing of a fracture on its own, with the most common causes including
traumatic injury and fracture nonunion [42]. A bone graft material may refer to any
material that can promote a bone healing response through one or more of three
processes: osteogenesis, osteoconduction, or osteoinduction [43]. According to Bauer
and Muschler:
An osteogenic material can be defined as one which contains living cells that are capable of
differentiation into bone. An osteoconductive material promotes bone apposition to its surface,
functioning in part as a receptive scaffold to facilitate enhanced bone formation. An osteoinductive
material provides a biologic stimulus that induces local or transplanted cells to enter a pathway of
differentiation leading to mature osteoblasts [43].
The current gold standard for bone grafting procedures is the vascularized autograft,
which possesses all three of these properties [44, 45]. Autografts provide osteogenic
potential as they contain bone cells and bone marrow cells which give rise to the daughter
cells which can differentiate into bone. Additionally, they offer osteoconductivity by
providing a collagen matrix that facilitates cell attachment, as well as osetoinductive
factors including bone morphogenic proteins (BMPs) that promote osteogenesis [42, 43,
45, 46]. Furthermore, autologous grafts do not promote an immunologic reaction upon
implantation, because they are derived from the graft recipient. However, the major
drawback associated with autologous grafts is the morbidity associated with a second
surgical procedure needed to harvest the graft, typically from the iliac crest [44]. Clearly,
there is also a limited supply of bone that may be harvested as autograft material. As a
result of these drawbacks, a number of bone graft substitutes have become increasingly
utilized, within the clinic. The most prominent substitute is allograft material [47], which
is tissue taken from another individual of the same species [43]. Currently, allografts are
estimated to be used in one-third of bone grafting procedures in North America [48].
However, allografts have several major disadvantages associated with their use. The
most prominent is the small, but legitimate risk of disease transmission that may occur
[49]. Because of this risk, fresh allografts are used infrequently, due to the time required
to screen for disease [46]. Subsequently, most allografts are processed by being frozen or
freeze-dried to reduce the host immune response, though this comes at the expense of
reduced and/or eliminated osteogenic and osteoinductive potential [45, 46]. Due to these
deficiencies, a number of other bone graft substitutes have begun to be utilized in the
clinic or developed for use in the near future [45-47]. As part of the search for new bone
graft substitutes the tissue engineering approaches described above are being applied to
address this need [50].
1.5 Tissue engineering approaches for bone grafting
A number of bone graft substitutes which fit within the discipline of tissue
engineering are currently available within the clinic. These include bioglass and calcium
phosphate based ceramics and cements such as hydroxyapetite and tricalcium phosphate,
some of which may be used in composites containing bone morphogenic proteins
(BMPs), that possess some combination of osteoinductive and osteoconductive properties
[41, 43-46, 51 ]. These technologies, however, do not offer all of the benefits that an
autograft does. In particular, calcium phosphate based matrix materials do not offer
sufficient mechanical support [52] and are not intrinsically osteogenic [45]. As such, a
new generation of bioactive biomaterials that can promote an improved combination of
desirable properties is currently under development. These materials may be natural or
synthetic, and include ceramics, polymers and composites [42].
Cell-based strategies represent another tissue engineering approach that shows a
great deal of promise and have become increasingly utilized to promote bone healing [50,
53]. In general, these strategies include the transplantation of autologous or culture
expanded cells into a wound site. In particular, multipotent stem and/or progenitor cells
have become an attractive cell type for these applications. Stem cells, which are the
source of all new tissue, have the potential to self-renew, and to give rise to daughter
progenitor cells that differentiate into more committed cell types (Figure 1.2). Unlike
stem cells, progenitor cells have limited capacity for self-renewal and are committed to a
differentiated phenotype [50]. For orthopedic applications, the term connective tissue
progenitor (CTP) has been used to denote the combined heterogeneous population of
musculoskeletal stem and progenitor cells that are capable of both proliferation, and
differentiation (Figure 1.3) [54]. CTPs can be derived from multiple sources, including
cancellous bone, periosteum, muscle, and fat [53]. However the most prominent source
of these cells is bone marrow.
In the late 1970s, Freidenstein was the first to show that formation of new bone
could be traced to CTPs within the bone marrow [55]. Since this initial work, autologous
bone marrow has been investigated as a bone graft material and been shown to promote
increased healing of the wound site [56-58]. A current approach that combines the
benefits of bioactive matrix materials as well as the osteogenic properties afforded by
autologous bone marrow derived CTPs involves the use of materials that can support the
selective retention of these CTPs. This approach, which involves the enrichment of bone
marrow cells at a graft site by pre-seeding materials that promote the attachment and
retention of CTPs, has been shown to improve the efficacy of graft materials [59].
To date, this approach has been investigated with more traditional biomaterials,
such as demineralized bone powder. The next step in this approach involves the
development of bioactive biomaterials that have been functionalized with ligands that can
enhance the attachment and retention of CTPs for use in bone grafting procedures [53,
59]. The current work is devoted to examining specific molecules that can be used in
this capacity.
1.6 Thesis overview
The goal of this thesis is to contribute to the development of design principles for
bone tissue engineering approaches that combine the use of bioactive biomaterials and
autologous human CTPs. The specific focus is to identify molecules that can be used to
design bioactive biomaterial surfaces that promote the attachment and retention of CTPs
from freshly aspirated autologous bone marrow. To achieve this, we have employed a
poly(methyl methacrylate)-graft-poly(ethylene oxide) (PMMA-g-PEO) amphiphilic
comb copolymer that allows us to investigate specific ligands that may be used to
functionalize the surface of biomaterials. The PEO-based material used in this work
would not necessarily be suitable as a bulk material, but allows us to investigate
principles can be applied to other biomaterials systems for surface modification. In
particular, our work has focused the use of tethered EGF as a means to promote CTP
retention and osteogenesis for future use in bone graft materials.
The effect of EGF on mesenchymal stem cell (MSC) and CTP behavior has been
unclear. EGF has been shown to exert multiple effects on MSC and CTP proliferation,
osteogenesis, or even chondrogenesis depending on the specific cell studied, and the
experimental conditions used in the experiment [60-64]. However, our lab recently
demonstrated that tethered EGF promoted increased spreading and survival in culture
expanded CTPs, whereas soluble EGF did not [39]. Therefore, we hypothesized that
tethered EGF might also be able to promote the adhesion and survival, and thus increase
the retention, of CTPs from freshly aspirated bone marrow. To test this hypothesis, we
collaborated with Dr. George Muschler, an orthopedic surgeon at the Cleveland Clinic
Foundation, and members of his laboratory, principally Cynthia A. Boehm and Richard
Rozic.
Because the effect that a growth factor exerts on cell behavior is often affected by
other factors such as the molecules mediating cell adhesion we wanted to examine the
effect of tethered EGF on CTPs in the context of multiple adhesion environments that
could be considered for use in tissue engineering applications. Two of these adhesive
environments are based upon the adsorption of adhesive ECM proteins. However, we
also wanted to examine the effect of tethered EGF in the scenario where adhesion was
mediated by a small RGD adhesion peptide. The use of multiple adhesive environments
would facilitate the ability to parse effects of tethered EGF on cell adhesion, as well as to
inform the use of a small RGD peptide in a clinical application.
As noted previously, the use of small adhesion peptides in bioactive biomaterials
is desirable for a number of reasons. However, it has been shown that small RGD
peptides do not necessarily promote binding with the same affinity and/or specificity as
the ECM molecule from which they are derived [65, 66]. As a result, previous work in
our group has led to the design of a novel RGD peptide (Maria Ufret, unpublished data)
and results have suggested that this peptide can promote enhanced adhesion for a number
of cell types compared to traditional RGD peptides [40, 67] . Therefore, we chose to
employ this peptide in our study of the effect of tethered EGF on CTP behavior.
However, while this peptide showed enhanced adhesion in a number of studies, it was
unclear as to which integrins were involved in mediating adhesion to this peptide.
Therefore, a goal of this thesis was also to examine the ability of this peptide to promote
adhesion through two different RGD-binding integrins, using a well-defined cellular
system. These results could then be used to better understand the effect of tethered EGF
on CTP attachment and retention in the context of well-characterized adhesive
conditions.
1.7 Thesis outline
Chapter 2 of this thesis consists of an examination of cell adhesion to our novel
RGD peptide through the use of immunostaining and microscopy. Context for this work
and the use of RGD peptides in biomaterials is provided in the introduction to this
section. Also, a discussion of the PEO biomaterial system used in this work is provided.
The results of these immunostaining experiments are provided and discussed.
Chapter 3 consists of a detailed study of the effect of tethered EGF on the CTP
behavior, using a well-defined colony forming unit (CFU) assay. A description of this
assay, as well as the historical context for research involving CTPs and mesenchymal
stem cells (MSC) are provided in this section. This work, as noted above, was a direct
collaboration with Dr. George F. Muschler and his laboratory (principally Cynthia A.
Boehm, and Richard Rozic) and facilitated the use of freshly aspirated bone marrow
provided from 39 individual human donors. The effect of tethered EGF was studied
across multiple adhesive conditions, and compared to the effect of soluble EGF on these
cells. Furthermore, data was analyzed in the context of healthy volunteers, or donors
who had osteoarthritis. Finally, quantitative image analysis was performed on a subset of
data to study additional parameters not available for examination in the conventional
CFU assay.
Conclusions and future directions of this work are discussion in Chapter 4.
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Figure 1.1 Top: soluble EGF receptor (EGFR) can signal from surface and cytosol.
Bottom: EGFR is restricted to the surface, and is prevented from being internalized.
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Figure 1.2 Stages of the stem cell life cycle. From the Journal of Biomedicine and
Biotechnology, 3, Muschler GF, Midura RJ, Nakamoto C, Practical Modeling Concepts
for Connective Tissue Stem Cell and Progenitor Compartment Kinetics, p. 170-193, 2003
(open access journal).
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Figure 1.3 Potential differentiation pathways for connective tissue progenitors. From theJournal of Biomedicine and Biotechnology, 3, Muschler GF, Midura RJ, Nakamoto C,Practical Modeling Concepts for Connective Tissue Stem Cell and Progenitor
Compartment Kinetics, p. 170-193, 2003 (open access journal).
Chapter 2. Investigating the integrin specificity of a novel RGD
peptide containing the fibronectin synergy motif
2.1 Introduction
2.1.1 Biomaterials-mediated cell behavior
Promoting specific interactions between biomaterials and cells is crucial to the
success of implantable biomaterials and tissue engineering. Upon implantation, protein
adsorption to a biomaterial surface occurs immediately. Protein adsorption to
biomaterials is a complex thermodynamically driven process that can potentially involve
thousands of plasma proteins [1, 2], the most prominent of which include albumin,
fibrinogen, fibronectin, and vitronectin. The major result of this adsorption process is
that cell attachment to a biomaterials surface is mediated by the adsorbed proteins, and
not by the material itself. The adsorption process is unique to each biomaterial and can
lead to altered protein function and non-specific cell adhesion. As a result, a common
approach is to utilize materials that resist non-specific protein adsorption which can then
be functionalized to promote cell attachment via specific integrin-mediated binding
events [3, 4]. The effects of specific cell-material interactions can enhance
biocompatibility and tissue integration.
2.1.2 Integrins, ECM, and RGD-mediated cell adhesion
Integrins are the major class of cell-surface receptors responsible for mediating
adhesion to extracellular matrix (ECM) proteins including fibronectin, vitronectin,
laminin, and collagen [5] and play a role in cell survival, differentiation, and proliferation
[6, 7]. Eight 13 and 18 a subunits are known to assemble into 24 distinct heterodimeric
receptors, each consisting of one a and one p subunit (Figure 2.1) [5]. In 1984,
Pierschbacher and Ruoslahti showed that cellular adhesion to fibronectin was primarily
mediated by the RGD amino acid sequence [8]. This motif has since been discovered to
be present in vitronectin [9] and numerous other ECM proteins including laminin,
fibrinogen, and tenascin [10]. Similarly, multiple integrins have been shown to bind to
some form of the RGD motif, either in native ECM or as small linear or cyclic peptides
[4, 5, 10]. The two most widely studied RGD-binding integrins include the fibronectin
receptor a53pl [ 11] and the vitronectin receptor avp3 [12]. However, while many
integrins can bind to ECM proteins containing the RGD motif, the structure of the protein
and the amino acids surrounding the RGD motif have a large effect on the affinity and
specificity of an integrin for a specific ECM molecule. This was demonstrated by the
discovery that av33 can bind to fibronectin as well as to vitronectin [13], whereas a5pl
can bind only to fibronectin [14].
Given the signaling importance of integrins in adhesion and signaling, synthetic
RGD-containing peptides have been widely used in many aspects of biological and
pharmaceutical research [10]. As discussed in Chapter 1, RGD peptides have been
utilized extensively in the development of biomaterials for tissue engineering where they
have been used in place of native ECM molecules to promote cell attachment to
biomaterials surfaces [4, 15, 16].
To date, a number of different RGD peptides have been investigated for their
ability to selectively target specific integrins [4]. Two commonly used peptides include
GRGDS, and GRGDSP which have been shown in in vitro studies to bind to both avp3
and a5l1 [4]. However, linear GRGDSP was shown to inhibit cell adhesion on
vitronectin to a greater degree than on fibronectin, suggesting that GRGDSP peptides had
a higher specificity for avp3 that for a5pl [17]. Many cyclic-RGD peptides have also
been studied [ 18-20] and it was observed that the specificity and affinity of these peptides
depends greatly upon the exact sequence and ring structure synthesized.
2.1.3 The PHSRN synergy motif
A major limitation of small RGD peptides is that they have been found to have
reduced activity compared to native ECM ligands due to the lack of complementary
domains [14, 21-24]. In particular, the high affinity binding of a5pl1 to fibronectin has
been traced to the existence of an additional synergy region present on fibronectin [25-
27]. Within this synergy region, the PHSRN sequence has been identified to be the key
motif, and is known as the synergy site [21, 28]. While the RGD motif in fibronectin is
present in the 10th type-III domain, the synergy site is present in the adjacent 9th type-III
domain. Currently, the exact function of the synergy-site is unclear; studies suggest that
the synergy-site enhances the structural stability of the RGD-binding interaction, but is
not an adhesive site in-and-of itself [29, 30]. One recent report suggested that peptides
containing the PHSRN sequence may promote cell-adhesion in the absence of the RGD
adhesion site [31 ]. A consistent picture of the role of the synergy site has not yet
emerged from the many studies employing RGD peptides containing the PHSRN site, or
RGD peptides mixed with PHSRN peptides, as a means to functionalize biomaterials.
Several studies have shown surfaces presenting both PHSRN peptides and RGD peptides
increased a5f13 biding and cell spreading compared to RGD peptides alone [18, 32].
Additional studies have shown that peptides containing both the RGD and the PHSRN
sequences may increase cell adhesion compared to RGD alone. Benoit et al. showed that
PEG hydrogels containing RGDG13PHSRN increased the attachment, spreading, focal
adhesion formation, proliferation, and differentiation of cultured osteoblasts compared to
gels with RGD or RDGG13HPRNS [33]. Mardilovich et al. observed similar results with
human umbilical vein endothelial cells seeded on substrates functionalized with
KSSPHSRNSGSGSGSGSGRGDSP, compared to surfaces with GRGDSP or
GRGDSP+PHSRN (individual peptides) [34]. Antibody blocking experiments also
suggested that a5P1 -mediated adhesion was enhanced on
KSSPHSRNSGSGSGSGSGRGDSP, compared to controls. In contrast, Petrie et al.
found that RGDG 13PHSRN did not promote enhanced MC3T3-E1 cell adhesion strength
compared to GRGDSPC alone, and presented evidence that cell adhesion to these
peptides was primarily mediated by av33 [22]. Taken together, these results illustrate the
complexity of relationship between integrin expression profiles, integrin affinity and
specificity, and cell adhesion. Evidence suggests that the PHSRN sequence may be
useful in biomaterials applications, although the conflicting results in the literature show
that additional research is necessary to elucidate clear ways in which the PHSRN motif
may be employed to enhance cell behavior.
2.1.4 Presenting synergy-RGD peptides on an inert background
To further examine the effects of the RGD and PHSRN motifs on cell behavior
for use in tissue engineering applications, Maria Ufret, a post-doctoral research associate
in our laboratory, designed a synergy-RGD peptide that contained both the RGD
adhesion motif as well as the PHSRN synergy motif in a flexible branched configuration
based upon the structure of native fibronectin (Figure 2.2a). Because it is necessary to
study the effects of this peptide on an inert adhesion background, our lab has employed a
comb polymer system that can be functionalized with the synergy-RGD peptide. The
system is an amphiphilic copolymer that consists of a hydrophobic poly(methyl
metahcrylate) (PMMA) backbone and hydrophilic poly(ethylene oxide) side chains [35].
PEO, also known as polyethylene glycol (PEG), has been shown to be both non-toxic and
resistant to non-specific protein adsorption [3, 36, 37]. Because of the amphiphilic nature
of the comb copolymer, when spin-coated onto glass coverslips and later placed into
solution, the hydrophobic PMMA backbone associates with the glass coverslip, while the
hydrophilic PEO side chains extend into solution [35]. This polymer can be designed to
permit or resist nonspecific protein adsorption, by changing the percentage of PEO used
to synthesize the polymer. Comb copolymers with greater than 30% PEO resist protein
adsorption [35, 38-40], while polymers with greater than 45% PEO by weight are water
soluble [35]. Polymers with lower percentages of PEO (-20% by weight) allow protein
adsorption and non-specific cell adhesion [40, 41].
One of the key features of this co-polymer is that ligands of interest can be
covalently tethered to the terminal ends of the PEO side chains, making them available
for cell receptor binding interactions in a clustered, or locally dense manner [35, 39, 40,
42, 43]. The ability to present adhesive ligands in a clustered manner is necessary to
enable integrin clustering, which is required for a number of cell responses including
adhesion, motility, cytoskeletal organization, signaling, and adhesion strengthening [42,
44-46].
Using this system Maria Ufret and David Yin (M.Eng. 2006) showed that rat
hepatocytes, which are reported to express the a5l1 integrin but not avp3, were able to
attach and spread on comb copolymer substrates presenting the synergy-RGD peptide in
a concentration dependent manner (Maria Ufret, unpublished data) [47]. Furthermore,
hepatocyte spreading was inhibited when cells were treated with a5 and p1 blocking
antibodies. Maria Ufret, Ley Richardson (Ph.D. 2006) and William Kuhlman (Ph.D.
2007), also used the synergy-RGD peptide to promote the adhesion of NR6wt cells, a
variant of the 3T3 murine fibroblast that is known to express both a5pl and avP3, and
observed that spreading and/or attachment increased on synergy-RGD in a concentration
dependent manner [39, 40]. Interestingly, in antibody blocking experiments, Maria Ufret
observed that NR6wt spreading was inhibited with av blocking antibodies, but not with
a5 blocking antibodies.
Maria Ufret and Ley Richardson also observed that NR6wt spreading was
increased on synergy-RGD surfaces compared to a control RGD peptide that did not
contain the PHSRN sequence. While this initially suggested that the PHSRN sequence
enhanced cell adhesion, it is also possible that differences in surface peptide
concentration may play a factor. While radiolabeling experiments were performed to
enable the use of matching concentrations of the control RGD and synergy-RGD peptides
in experiments comparing these ligands, measurements were made under the assumption
that peptides could not penetrate into the polymer bulk, and that radiolabeling
measurements represented only covalently bound ligand at the surface of the substrate.
However, in subsequent work with the synergy-RGD peptide, William Kuhlman
observed that the radiolabeling results varied with the thickness of the polymeric
substrates utilized in the experiments suggesting that these peptides could penetrate into
the bulk of the polymer [39]. It is possible to determine the surface concentration of
peptides by making measurements for films of multiple thicknesses, and extrapolating the
surface concentration from this data. However, these extrapolations were not performed
in the work comparing the control and synergy-RGD peptides. Therefore, it is possible
that the surface concentrations of the two peptides may not have been identically matched
in comparison experiments due to differences in the kinetics of the polymer penetration
of the two peptides.
Taken together, this work clearly shows that the synergy-RGD peptide mediates
robust cell attachment. However, it is unclear if the synergy-RGD peptide promotes
increased cell adhesion or activity compared to conventional RGD peptides. In addition,
the specificity of this peptide for a5l31 vs. avP3 is unclear. It has been reported that rat
hepatocytes have a5pl1, but not av33. However, the hepatocytes utilized in this research
are a heterogeneous population, and the integrin profile of these cells was not directly
assessed, making it unclear as to which integrin was mediating hepatocyte attachment to
the synergy-RGD peptide. And, as noted previously, av blocking antibodies reduced
NR6wt cell spreading.
Therefore, the goal of this work was to determine if synergy-RGD could mediate
cellular adhesion through either, or both, a5l1 and av33, using cells with well-defined
integrin profiles. We further examined the effect of the PHSRN sequence on cell
adhesion, by examining focal adhesion and actin stress fiber formation. Using a peptide
with a scrambled synergy motif, we were able to circumvent differences in the coupling
kinetics of a linear RGD peptide and the synergy-RGD peptide.
2.2 Materials and methods
2.2.1 Comb copolymer synthesis and functionalization
Thin-film substrates were made from a poly(methyl methacrylate)-graft-
poly(ethylene oxide) (PMMA-g-PEO) amphiphilic comb copolymer, synthesized by
summer technician Dan Pregibon, according to methods described previously [35]. The
polymer was synthesized through free-radical polymerization of methyl methacrylate and
polyethylene glycol methacrylate (HPOEM), using azo(bis)isobutyronitrile (AIBN) as an
initiator (all reagents from Sigma Aldrich, St. Louis, MO). Because this polymer was
designed to resist cell adhesion through non-specific protein adsorption, HPOEM with an
average length of 10 PEO units (and Mn=526) was used, and the polymer comprised 32
wt% PEO, a composition highly resistant to cell adhesion [38-40, 43]. This polymer has
a Mn=142 kDa and PDI=3.2, as measured by gel-permeation chromatography with in-
line light scattering [39].
For coupling of thiol-terminated adhesion peptides, a portion of the polymer was
reacted with N-[p-Maleimidophenyl]isocyanate (PMPI) (Pierce Biochemical, Rockford,
IL) according to the method developed by Annunziato et al [48] by post-doctoral research
associate Hyung-II Lee. This method has been previously used to couple adhesion
peptides to comb copolymer substrates [39, 40, 43].
To accomplish the PMPI-activation, the comb copolymer was first freeze-dried
from benzene to remove excess water from the polymer. Briefly, the polymer was
dissolved in benzene in a round bottom flask and fitted with a three-way stop-cock. The
polymer was then frozen by submerging the flask in liquid nitrogen, and rotating the flask
to create a thin shell of frozen polymer. Vacuum was then applied to the flask, with a
liquid nitrogen trap. After reaching room temperature, the flask was removed from
vacuum, and purged with nitrogen gas.
The polymer was then dissolved in anhydrous methylsulfoxide (DMSO), and
mixed with approximately 2.5 M excess of PMPI. The reaction was allowed to proceed
overnight in the dark, and purified through repeated precipitation in diethyl ether. The
reaction was characterized by nuclear magnetic resonance (NMR) spectroscopy of a
sample of polymer dissolved in deuterated chloroform performed by post-doctoral
research associate Shelly Peyton. NMR analysis revealed that approximately 50% of
chain ends underwent reaction with PMPI. All surfaces made in this work consisted of
polymer blends consisting of 25% PMPI-activated polymer and 75% unmodified
polymer.
2.2.2 Surface preparation
12mm round glass coverslips (VWR International, Bridgeport, NJ) were cleaned
using a 2% Chem-Solv solution (VWR). After cleaning, coverslips were rinsed
thoroughly in deionized water, and treated with a 2% aqueous solution of Siliclad (Gelest
Inc., Morrisville, PA). Surfaces were treated by being submerged in the Siliclad solution
for 20s, rinsed in deionized water, cured at 1000 C and stored in a vacuum oven under 20
in Hg vacuum at room temperature. For spin-coating, polymer blends were dissolved in
toluene at a final concentration of 20mg/mL and filtered using a 20 jim pore-size syringe
filter. Polymer thin films were spin-coated by completely covering the Siliclad prepared
coverslips with polymer solution, and then spun at 2500 rpm for 30s using a Headway
PWM32 spinner. All spin-coated surfaces were stored in vacuo prior to peptide coupling.
Schematics of the polymerization, PMPI-activation, and peptide coupling process are
illustrated in Figures 2.3 and 2.4.
2.2.3 Synergy-RGD peptide
The synergy-RGD peptide designed by post-doctoral research associate Maria
Ufret consists of the peptide sequence PHSRNGGGKGGRGDSP, with a GGC stem
attached to the lysine. This results in a branched peptide with the PHSRN synergy motif
on one branch as well as the GRGDSP on the other branch, and has a sulfhydral
associated with the cysteine to facilitate peptide coupling via the PMPI-activated comb
copolymer. The peptide used here was synthesized and purified by the MIT Biopolymers
Laboratory (peptide P7016). To evaluate any specific effects of the synergy site included
on the peptide, a similar peptide was synthesized with a scrambled synergy motif. This
peptide, referred to as scrambled synergy-RGD contains the peptide sequence
HSPNRGGGKGGRGDSP, with a GGC stem attached to the lysine. This peptide is
identical to the synergy-RGD peptide except that the synergy motif is replaced with the
HSPNR sequence. This peptide was also synthesized and purified by the MIT
Biopolymers Laboratory (peptide P7055). Schematics of both the active and scrambled
synergy-RGD peptide are shown in Figure 2.2.
2.2.4 Ligand coupling
Surfaces were functionalized by reacting the spin-coated surfaces with either a 25
[iM or 100 jtM solution of the synergy-RGD peptide in phosphate buffered saline (PBS)
at pH 7.5 at room temperature as described previously [40, 47, 49]. The coupling
solution also contained 10 mM Tris(2-Carboxyethyl) phosphine hydrochloride (TCEP)
(Sigma Aldrich) as a reducing agent. The peptide was allowed to react for 2 hours, by
placing polymer coated substrates face down on 40 giL of peptide solution on parafilm.
The surfaces were then rinsed 3X with 250 giL of PBS, and stored in vacuo prior to use.
Mock coupled control surfaces were also made by following the same procedure, using
only PBS and TCEP in place of a peptide solution. Using film thickness considerations
from William Kuhlman's work [39], the concentration of synergy-RGD and scrambled
synergy-RGD peptide on the surface of comb copolymer films is estimated to be
approximately 2 x 104 and 8 x 104 peptides/gm 2 for the 25 and 100 tM solutions
respectively. Having used 25% PMPI blends, the average nearest neighbor distance for
ligands within a cluster on these surfaces is roughly 3.5 nm for 25 giM surfaces and 1.7
nm for the 100 jtM surfaces. With an average radius of gyration of 9.2 nm for a comb
copolymer molecule [43], an individual polymer molecule would create clusters that
include 22 and 85 peptides respectively. These values only represent rough averages that
will vary significantly, due to the polydispersity of the individual polymer molecules
[43].
2.2.5 Cell culture
Three different variants of Chinese hamster ovary (CHO) cells were used to study
cell attachment to the functionalized comb copolymer substrates. All variants were based
upon the CHO-B2 cell line, which is a CHO clone selected for its inability to adhere to
fibronectin, and is deficient in both the a5 integrin subunit as well as the J33 intergin
subunit [50-52]. The first variant is a CHO-B2 cell population that has been transfected
with the human a5 integrin subunit (CHO-B2 a5pl), and expresses a51pl [53]. The
second variant is a CHO-B2 population that has been transfected with the human 03
integrin subunit and expresses av33 (CHO-B2 av33) [54, 55]. Finally, a control cell line
was created by transfecting CHO-B2 cells with an unaltered pcDNA vector (CHO-B2
pcDNA). The CHO-B2 a5l1 and pcDNA cells were a kind gift from Professor Siobhan
A. Corbett at Robert Wood Johnson Medical School, and the CHO-B2 avP3 cells were
kindly provided by Professor Jean E. Schwarzbauer of Princeton University. These cell
lines are not clonally derived and are heterogeneous populations of transfected cells. All
three cell lines were maintained in the same basal growth medium, which consisted of
high glucose Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
FetalClone II (Hyclone, Logan, UT), 1 mM sodium pyruvate, 0.1 mM MEM non-
essential amino acids, 2 mM L-glutamine, 100 pg/ml streptomycin sulfate, 100 units/ml
penicillin G sodium and 0.25 jtg/ml amphotericin B. 500 [lg/ml Zeocin was added to the
medium as a selection agent for the CHO-B2 avI3 cells, and 250 jtg/ml G418 was added
to the medium as a selection agent for both the a5l1 and pcDNA cells. Except for
FetalClone II, all products were from Invitrogen (Carlsbad, CA). For microscopic
imaging, experiments were performed in media containing the same supplements, but
with phenol-red free DMEM. Cells were maintained in 95% air/5% CO2 at 370 C in
tissue culture plates.
2.2.6 FACS analysis
Fluorescence activated cell sorting was used to check the expression of a5pl and
avp3 for all three CHO-B2 variants. Mouse anti-human integrin avP3 monoclonal
antibody (MAB 1976) and rat anti-mouse a5pl monoclonal antibody (MAB2514) were
purchased from Chemicon (Temecula, Ca). Alexa Fluor 488 goat anti-rat IgG and Alexa
Fluor 647 goat anti-mouse IgG a5pl were purchased from Invitrogen.
Cells were removed from tissue culture plates with trypsin-EDTA (Sigma, St.
Louis, MO). The trypsin was inactivated with phosphate buffered saline (PBS)
containing 2% FetalClone II. The cells were washed 2X by being spun-down at 1000
rpm for 5 minutes, and resuspended in PBS+2% FetalClone II. The cells were counted,
spun-down, and resuspended in PBS+2% FetalClone II at a concentration of 107
cells/mL. 106 cells for each cell type and condition to be studied were then each added to
an individual well in 96-well V-bottom plate.
Each CHO-B2 variant was incubated, in duplicate, with either anti-a5pl, anti-
av33, or no antibody. 2 ýtL of each antibody was added to each necessary well, and the
cells were incubated on ice for 30 minutes, and agitated every 10 minutes. 150 ýtL of
PBS+2% FetalClone II was then added to each well, and the cells were spun down in a
plate centrifuge for 5 minutes at 1700 rpm, and resuspended in 100 jtL of PBS+2%
FetalClone II. Each combination of cell type and primary antibody was then incubated
with 20 gtL of a 1:150 dilution of either Alex Fluor 488 goat anti-rat or Alexa Fluor 647
goat anti-mouse secondary antibody for 30 minutes on ice, and agitated every 10 minutes.
After the incubation, 200 1tL of PBS+2% FetalClone II was then added to each well, the
cells were spun down, and resuspended in 200 pL of PBS+2% FetalClone II for analysis.
The cells were analyzed using a LSR II High Throughput Sampler (BD Biosciences, San
Jose, CA), and data was analyzed with Flow Jo software (Tree Star, Ashland, OR).
2.2.7 CHO-B2 avi3 adhesion experiments
Spin-coated surfaces were coupled with either 25 piM or 100 jpM of synergy-RGD
or scrambled synergy-RGD peptide, or were mock coupled. Untreated glass coverslips,
which allow cell attachment via non-specific protein adsorption, were also included as a
positive control. The surfaces were placed in 24-well plates, and sterilized in PBS under
ultraviolet light for approximately 30 minutes. 105 cells were seeded in each well, in 1
mL of microscopy medium. The cells were allowed to adhere for 4 hours in 95% air/5%
CO 2 at 370 C, and then fixed in 4% paraformaldehyde in phosphate buffered saline
containing Ca++ and Mg+ (PBS +) for 20 min. The surfaces were then washed 2X in
PBS++ + .05% Tween-20, and the cells were permeabilized with PBS++ + 0.1% Triton
X100 for 3 minutes. The surfaces were washed 2X, and then stained for 20 minutes in
PBS÷÷ containing 10 pg/mL Hoechst 33342 trihydrochloride trihydrate (Invitrogen) and 5
units/mL Alexa Fluor 488 phalloidin (Invitrogen). The surfaces were then washed 2X,
rinsed once in deionized water and then mounted on microscopy slides. The coverslips
were mounted in medium consisting of 22.5 mg of 1,4-diazabicyclo[2.2.2]octane
(DABCO) (Sigma) dissolved in .9 mL glycerol + .1 mL PBS at pH 8.0. The cells were
imaged at 20X using a Zeiss Axiovert 135 and Zeiss Filter Set 10, and saved as tif files.
Images were imported into Adobe Photoshop, and the Auto Levels command was used to
adjust the contrast of each image. Occasionally, the brightness and contrast of images
with very few cells were adjusted manually to allow the proper visualization of the
image. To provide a semi-quantitative comparison of cell spreading between RGD
surface conditions, the percentage of area of an image covered by cells was measured
using ImageJ. A t-test was used to examine statistical significance between conditions.
2.2.8 CHO-B2 a5pl adhesion experiments
Two distinct sets of conditions were used to examine the attachment of CHO-B2
a5l1 or pcDNA cells to the synergy-RGD and scrambled synergy-RGD peptide. For the
first set of conditions, CHO-B2 a5pl or pcDNA cells were seeded on surfaces that were
coupled with 25 iM synergy-RGD, 25 gM scrambled synergy-RGD peptide, or were
mock coupled. Untreated glass coverslips, which allow cell attachment via non-specific
protein adsorption, were also included as a positive control. The surfaces were placed in
24-well plates, and sterilized in PBS under ultraviolet light for approximately 15 minutes.
105 cells were seeded in each well, in 1 mL of microscopy medium. The cells were
allowed to adhere for 23 hours in 95% air/5% CO2 at 370 C, and then fixed in 4%
paraformaldehyde in phosphate buffered saline containing Ca++ and Mg ++ (PBS ++) for 20
min. The surfaces were then washed 2X in PBS + + .05% Tween-20, and the cells were
permeabilized with PBS ++ + 0.1% Triton X100 for 3 minutes. The surfaces were washed
2X, and then blocked in 5% donkey serum (Jackson ImmunoResearch Laboratories, West
Grove, PA) in PBS" for 30 minutes. The cells were then incubated for I hour at room
temperature with monoclonal anti-vinculin clone hVIN-1 mouse ascites fluid (Sigma
V9131) diluted 1:400 in blocking solution. The cells were washed 3X, and then
incubated for 30 minutes at room temperature in the dark with Cy3-conjugated donkey
anti-mouse IgG secondary antibody (Jacskon ImmunoResearch) diluted 1:100 in PBS++.
The cells were then washed 3X and stained for 20 minutes in PBS++ containing 10 gg/mL
Hoechst 33342 trihydrochloride trihydrate (Invitrogen) and 5 units/mL Alexa Fluor 488
phalloidin (Invitrogen). The surfaces were then washed 2X, rinsed once in deionized
water and then mounted on microscopy slides. The coverslips were mounted in medium
consisting of 22.5 mg of 1,4-diazabicyclo[2.2.2]octane (DABCO) (Sigma) dissolved in .9
mL glycerol + .1 mL PBS at pH 8.0. The cells were imaged at 20X using a Zeiss
Axiovert 135 and Zeiss Filter Set 10, and saved as tif files. Images were imported into
Adobe Photoshop, and the Auto Levels command was used to adjust the contrast of each
image. Occasionally, the brightness and contrast of images with very few cells were
adjusted manually to allow the proper visualization of the image. Surfaces were also
imaged at with a 60X oil objective using an Applied Precision DeltaVision deconvolution
microscope using the SoftWorx Explorer software. Three-dimensional z-stacks were
collected of individual cells using .15 tm sections, with an emphasis on imaging the cell
membrane-substrate interface. Images were taken for each z-section using the DAPI,
FITC, and rhodamine filters. Within an experiment, exposure times, and brightness and
contrast levels were typically kept constant for each filter for all cells imaged. Z-stacks
of cells were deconvolved using the "aggressive" algorithm for 10 iterations.
A second experiment was performed using the CHO-B2 a5131 cells. The
experimental conditions were similar to the first experiment with 3 exceptions: 1) comb
copolymer surfaces were coupled with 25 gM or 100 gM synergy-RGD scrambled
synergy-RGD peptide; 2) 15,000 cells were seeded per well; 3) cells were fixed after 15
hours. Imaging on the Zeiss Axiovert was also performed as described above, but 10X
images were taken in addition to 20X images. Similarly, images on the DeltaVision were
taken as described, except that z-stacks consisted of sections were spaced every .20 glm.
2.3 Results
2.3.1 FACS confirms CHO-B2 a5pl and avp3 integrin expression
To ensure that any observed cell attachment to the synergy-RGD peptide was
mediated by either a5pl or avp3, FACS analysis was used to examine the expression of
both integrins in each of the three CHO-B2 cell variants. A shown in Figure 2.5, the
CHO-B2 a5 1 cells showed that 71.4% of the population expressed significant levels of
the a53pl integrin, and only 0.7% expressed avp3 integrin. Similarly, 91% of the CHO-
B2 avp3 were found to express significant levels of the avJ3 integrin, and only 0.2%
expressed the a5 pl intergin. None of the CHO-B2 pcDNA control cells were found to
express significant levels of the a5Pl integrin and only 0.7% expressed significant levels
of the av13 integrin. These results confirmed that each CHO-B2 variant expressed only
the integrin heterodimer expected as a result of transfection with either the a5 integrin
subunit or the P33 subunit.
2.3.2 Synergy-RGD peptide promotes rapid avp3-mediated CHO attachment and
spreading
To determine if the synergy-RGD peptide could promote avP3-mediated cell
adhesion we examined the attachment and spreading of CHO-B2 cav3 cells on synergy-
RGD substrates, and scrambled synergy-RGD substrates. Because the synergy-site is not
present on vitronectin, and has not been observed to be an important component of av33
mediated adhesion, we hypothesized that CHO-B2 avf3 attachment would be similar on
both synergy-RGD and scrambled synergy-RGD substrates. As it is well established that
small linear peptides can promote robust avp33-mediated adhesion, here, we expected
CHO-B2 avP3 cells to attach and spread well on both RGD surfaces.
Figure 2.6 shows randomly selected fields of CHO-B2 avp3 that were seeded at
100,000 cells per well in medium supplemented with 10% serum, fixed 4 hours after
seeding, stained with Alexa Fluor 488 phalloidin, and imaged at 20X magnification. On
mock tethered surfaces, only a small number of minimally spread cells, devoid of actin
stress fibers, were observed. Conversely, many more cells attached to glass surfaces,
compared to the mock tethered surfaces. Cells appeared to be in the process of
spreading, but were not yet well spread, as most were rounded and devoid of stress fibers.
However, on the synergy-RGD and scrambled synergy-RGD surfaces, all of the imaged
fields contained a large number of well spread cells with an elongated morphology, with
clearly evident actin stress fibers, suggesting that the synergy-RGD peptide could
specifically promote av33-mediated adhesion. Furthermore, we observed that the cells
spread more rapidly on the synergy-RGD surfaces than on glass surfaces, where adhesion
is mediated via serum adsorption.
2.3.3 avp3-mediated CHO attachment to synergy-RGD peptides are PHSRN-
independent
Qualitatively, no significant differences were observed between cells on synergy-
RGD or scrambled synergy-RGD at either 25 pM or 100 gM peptide coupling
concentrations. To provide a semi-quantitative metric of cell spreading, the percentage of
an image that contained cells was measured using ImageJ (Table 2.1). Using a t-test, no
significant differences were observed in cell area between surface conditions. These
results suggest that that the PHSRN branch on the synergy-RGD peptide does not play an
important role in promoting avp3-mediated attachment and spreading.
Table 2.1
100uM
25 uM 25 uM scrambled 100 uM scrambled
Surface synergy-RGD synergy-RGD synergy-RGD synergy-RGD
Image 1
Image 2
Image 3
Image 4
Mean
t-test p-values
25uM synergy-RGD
25 uM scrambled
synergy-RGD
100 uM synergy-RGD
100uM scrambled
synergy-RGD
0.20 0.21 0.18 0.18
0.18 0.17 0.19 0.23
0.22 0.26 0.20 0.23
0.18 0.25 0.13 0.29
0.19 0.22 0.17 0.23
X 0.24422 0.35602 0.18069
0.24422 X 0.12272 0.79408
0.35602 0.12272 X 0.09641
0.18069 0.79408 0.09641 X
2.3.4 Synergy-RGD peptide does not promote a5pl-mediated CHO attachment at
short times
Because NR6wt cells express both av33 and a5pl, previous results with av
blocking antibodies and the rapid spreading of the CHO-B2 avp3 cells demonstrated that
the synergy-RGD peptide could promote av33-mediated spreading. However, rat
hepatocytes, which reportedly express a5 1P but not avp3, were observed to spread on the
synergy-RGD peptide. Therefore, we chose to examine the attachment and spreading of
CHO-B2 a5pl cells on the synergy-RGD peptide. We also examined cell attachment and
spreading on scrambled synergy-RGD surfaces to parse any specific effects of the
PHSRN synergy motif. Because the CHO-B2 avp3 cells were well-spread after only 4
hours on surfaces that had been coupled with 25 pM peptide solutions, we chose to use
similar conditions to examine CHO-B2 a5pl cells. Cell attachment to mock coupled
surfaces as well as to untreated glass coverslips served as negative and positive controls.
For this study CHO-B2 pcDNA control cells were used to determine if observed cell
attachment to the comb copolymer surfaces was specifically a5pl-mediated. Cells were
seeded at 105 cells per well on surfaces in 24-well plates. In contrast to the observed
behavior of the CHO-B2 avp3 cells, neither the CHO-B2 a53pl nor pcDNA control cells
appeared to be wells spread on any of the RGD surfaces at 4 and 7 hours after seeding. It
has been shown that unlike av33-medated attachment, cell attachment through the a5P1l
integrin requires the engagement of syndecan-4 to promote focal adhesion and stress fiber
formation [56, 57]. Although the native ligand for syndecan-4 is the heparin-binding
domain of fibronectin, addition of a soluble heparin-binding fragment or clustering of
syndecan-4 with antibodies has also been shown to promote focal adhesion and stress
fiber formation in a RhoA dependent manner [58, 59]. Interestingly, RhoA-induced focal
adhesion and stress fiber formation can be promoted in a syndecan-independent manner
through the addition of lysophosohatidic acid (LPA), which is a component of serum [60,
61]. Because our medium contained serum, we therefore hypothesized that even without
syndecan engagement, serum-induced RhoA activation could promote focal adhesion and
stress fiber formation, and therefore cell attachment, at later time points on the synergy-
RGD peptide. As a result, the cells were incubated (under 95% air/5% CO 2 at 37'C)
overnight, and fixed after 23 hours, before being stained and mounted.
2.3.5 Synergy-RGD peptide promotes a5pl-mediated CHO attachment and
spreading
Figure 2.7 shows randomly selected fields of CHO-B2 pcDNA cells on glass and
synergy-RGD surfaces. Many CHO-B2 pcDNA cells, which were devoid of avp3 and
a5pl integrins, attached and spread to a moderate degree to the untreated glass surfaces
(Figure 2.7a). In comparison, very few cells attached to the synergy-RGD surfaces, and
those that were present were extremely rounded (Figure 2.7b) and similar results were
evident on the mock tethered and scrambled synergy-RGD surfaces (data not shown).
Figures 2.8.1 and 2.8.2 show randomly selected fields of CHO-B2 a5pl cells on mock
tethered, glass, synergy-RGD, and scrambled synergy-RGD surfaces. Very little cell
attachment was observed on the mock coupled surfaces (Figure 2.8. la), and again, the
few cells present were very poorly attached, as evident by their rounded morphology.
Unlike the CHO-B2 pcDNA cells, however, the CHO-B2 a5l1 cells were observed to be
well-spread on glass surfaces (Figure 2.8.1b) as evidenced by their elongated
morphology. In contrast to the CHO-B2 pcDNA cells, however, many CHO-B2 a5pl
cells attached to the synergy-RGD and scrambled synergy-RGD surfaces (Figures 2.8.2c
and 2.8.2d). These cells were moderately well spread, but not to the same extent as those
on glass, and no qualitative differences in cell spreading were observed between the
synergy-RGD and scrambled synergy-RGD surfaces. Because the CHO-B2 a53pl cells
adhered to the synergy-RGD surfaces, whereas the CHO-B2 pcDNA cells did not, it was
clear that the synergy-RGD peptide could promote a5P 1-mediated cell attachment.
2.3.6 Synergy-RGD peptide promotes a5pl-mediated CHO stress-fiber formation
Because attachment and spreading do not fully represent all of the processes
involved with cell adhesion, we chose to examine synergy-RGD-mediated focal adhesion
and stress fiber formation, through the fluorescent staining of vinculin and actin. Figures
2.9.1 and 2.9.2 show individual CHO-B2 a531 cells that have been stained for vinculin
and actin that were chosen at random on the different surfaces. On the mock tethered
surfaces (Figure 2.9. la), the few attached cells were very poorly spread, and without
evident stress fibers or focal adhesions. However, on glass (Figure 2.9.1b), synergy-
RGD (Figure 2.9.1c), or scrambled synergy-RGD (Figure 2.9.2d), most CHO-B2 a5031
cells had formed focal adhesions and stress fibers. However, as shown in Figure 2.10,
the very few CHO-B2 pcDNA cells attached to the synergy-RGD surfaces appeared
similar to the CHO-B2 a53pl on the mock tethered surfaces: poorly spread, and without
evident stress fibers or focal adhesions. These results clearly indicated that the synergy-
RGD peptide was capable of inducing cell adhesion through an a5p3l-dependent
mechanism. However, our similar results with the scrambled synergy-RGD peptide
appeared to indicate that the PHSRN motif was not playing an important role in any of
the cell processes (spreading, attachment, focal adhesion formation, or stress fiber
formation) that we had examined.
2.3.7 The PHSRN sequence in synergy-RGD does not enhance CHO-B2 a5•l focal
adhesion formation or stress fiber formation
An important factor in cell adhesion is of course the density of adhesive ligands
that are available on a surface. Therefore, we hypothesized that synergistic effects
PHSRN sequence might not be evident on surfaces in which the overall concentration of
synergy-RGD peptide was too low. We chose to further probe the effect of the PHSRN
sequence using surfaces that had been prepared with synergy-RGD or scrambled
synergy-RGD using both 25 gjM and 100 jM coupling solutions. As noted previously,
the concentration of synergy-RGD and scrambled synergy-RGD peptide on the surface of
comb copolymer films is estimated to be approximately 2 x 104 and 8 x 104 peptides/ýjm 2
for the 25 and 100 jaM solutions respectively. Glass surfaces were used as a positive
control.
CHO-B2 a5l1 were seeded at 15,000 cells per surface, to facilitate the imaging of
individual cells, fixed after 15 hours, stained, and imaged at 10X and 20X (Figures 2.11,
2.12.1 and 2.12.2). Qualitatively, no obvious differences in the number of attached cells
or cell spreading were immediately apparent between the different surfaces. Therefore,
the DeltaVision was used to further examine focal adhesion and stress fiber formation in
cells seeded on the synergy-RGD and scrambled synergy-RGD surfaces (Figures 2.13.1,
2.13.2, and 2.13.3). On all substrates, most cells that had attached displayed both focal
adhesion formation, and stress fiber formation. Cells appeared to have increased spread
area, as well as increased stress fiber and focal adhesion formation on the 100 jM
synergy-RGD and 100 gjM scrambled synergy-RGD surfaces compared to the 25 PM
synergy-RGD surfaces, suggesting that both peptides could promote spreading in a dose-
dependent manner. However, as observed previously, cells on the 100 gjM synergy-RGD
and 100 pM scrambled synergy-RGD surfaces displayed similar spreading, focal
adhesion, and stress fiber formation
Taken together these results suggested that the synergy-RGD peptide can mediate
cell adhesion, as well as focal adhesion formation and stress fiber formation via the a5l1
integrin. However, no qualitative difference in cell attachment, focal adhesion formation,
or stress fiber formation was evident between the synergy-RGD and scrambled synergy-
RGD surfaces, suggesting that the PHSRN synergy sequence within the synergy-RGD
peptide was not influencing a5l1 cell attachment, focal adhesion formation, or stress
fiber formation.
2.4 Discussion
The promotion of specific cell-biomaterials interactions through RGD peptides in
the presence of the PHSRN synergy domain has been studied through various methods,
with conflicting results. Previous work performed in our laboratory using a synergy-RGD
peptide based on the fibronectin structure has suggested that the use of the synergy-RGD
peptide could promote enhanced cell attachment in multiple cell types compared to
traditional linear RGD peptides. However, due to differences in surface concentrations,
the effect of the ligand density could not be decoupled from these results. Different cell
lines also gave conflicting results concerning the integrin specificity of these surfaces.
Using variants of CHO-B2 cells that were transfected to express either avP3 or a5p31
alone, we found that synergy-RGD peptides could mediate cell adhesion and spreading
through either av33 or a51l integrin and lead to focal adhesion and stress-fiber
formation. Focal adhesion and stress-fiber formation were integrin dependent, as CHO-
B2 cells transfected with a control vector, and expressing minimal levels of av[3 or a5l1
integrin were unable to form either on peptide-conjugated surfaces. While CHO-B2 cells
express avpl integrin which can mediate attachment to fibronectin surfaces [52], they do
not appear to be functionally relevant in this system.
In this study, we found no differential effects of the synergy site on cell
attachment, focal adhesion formation, or stress-fiber formation in comparison to a
scrambled synergy site (HSPNR) for either the av33 or a5pl expressing cells. Because
the shape, overall composition, and molecular weight of both peptides were identical,
there were no expected differences in terms of surface coupling efficiency between the
two peptides, or penetration into the polymer bulk, as long as the peptide solution
concentration used for coupling were the same.
One interpretation of this data is that the presence of the PHSRN motif in the
synergy-RGD peptide is not having any direct effect on cellular adhesion. Because the
exact role of the synergy-site is still unclear, it is possible that the structure of the
synergy-RGD peptide does accurately replicate the structural relationship between the
synergy-site and the RGD adhesion motif in native fibronectin, and therefore has no
effect at all on integrin binding. Previous work has shown that the spacing between the
PHSRN and RGD motifs in synthetic peptides is an important factor [34], suggesting that
the spacing between the PHSRN and RGD motif in the synergy-RGD peptide may not be
optimized. On the other hand, our previous observations with hepatocytes and NR6wt
cells using this same system suggest that this may be a cell-type specific behavior. This
is supported by the contrasting results observed by two groups using the same peptide,
but examining different cell types [22, 33].
In comparison to previous studies which used cells with undetermined or
heterogeneous integrin-expression profiles, we used variants of the CHO-B2 cell line that
were transfected to express either av33 or a5 1l, but not both integrins and compared
these to control cells which expressed neither av33 or a53l1. The cell-surface expression
of integrins on these cells were confirmed by FACS analysis. It should be noted that
about 30% of the CHO-B2 a53pl cells did not express-significant levels of the a531p-
integrin. However, these results were expected because the cell line was not clonally
derived. Additionally, these numbers were consistent with FACS analysis performed on
this cell line in the Corbett lab which kindly provided these cells (personal
correspondence, Mohan Nair).
It is possible that because CHO-B2 cells in general are not functionally attached
to fibronectin in nature, interactions between artificially expressed integrins and the
synergy site are not functionally supported. Supporting this idea is evidence that the
activation state of integrins has an effect on synergy site function, and differs among cell
types [62]. While the mechanisms leading to integrin activation are poorly understood,
recent evidence suggests that native ECM molecules may possess cryptic domains that
can interact with other cell receptors, such as syndecans, to alter integrin activation state
[63]. Therefore, it is plausible that CHO-B2 a5pl interactions with the PHSRN motif
require other mechanisms that might be modulated by native ECM, but not by the
synergy-RGD peptide.
In this study, we chose to examine cell attachment by staining cells for vinculin
and actin to look for focal adhesion formation and/or stress fiber formation. This type of
analysis would provide an appropriate evaluation of adhesion markers, particularly
considering clinical applications of this biomaterial for selective cell-retention in bone
tissue engineering (see Chapter 3). It is possible that the PHSRN motif may affect aspects
of cell adhesion not studied in this work, specifically the adhesion strength of the cells to
the surfaces. However, this seems unlikely since the synergy-site has generally been
observed to play a role in cell spreading in other cell systems [33, 34], and cell-spreading
and focal adhesion formation has a direct impact on adhesion strength [64].
Another possibility, however, is that both the PHSRN branch and the HSPNR
branch are enhancing a5P13-mediated adhesion to a similar degree, compared to RGD
alone. Previous work suggests that structural stability is a crucial component of the
synergistic binding of a5l1 and fibronectin [29]. Additionally, while it was shown that
mutations to ninth and tenth domains of fibronectin can disrupt this synergistic affect
[28], Takagi pointed out that 5 of 8 identified mutations were arginine to alanine
mutations, including the arginine within PHSRN [30]. Takagi suggests that these
mutations would lead to acidic residues within these fragments to cause a negative
potential that would decrease the binding association rate. He further argues that the
basic residues within the ninth fragment do not make contact with a53 1, but instead
mediate long range "steering" of the binding interactions. According to Takagi's model,
because the scrambled synergy-peptide contains the same basic arginine residue as
synergy-RGD, and has a similar branched structure, it seems possible that both peptides
are conferring a similar degree of "steering" and stability to the a5p31-biding interaction,
which would account for the similar results observed for both peptides.
Another interesting observation from this work was that the CHO-B2 avp3 cells
spread more quickly than the CHO-B2 a53pl cells. In fact, at 4 hours, the CHO-B2 av 33
cells were spread to a greater extent on RGD surfaces than on glass surfaces. On the
other hand, the CHO-B2 a5pl cells spread more slowly, and at no point were observed to
be spread to a greater degree on the RGD surfaces than on glass. One possible
explanation is that the av33 integrin may bind to the RGD peptides with a higher affinity
than the a5pl integrin. However, because the FACS analysis is not quantitative for
comparing levels of expression of different integrins, it is also possible that differences in
receptor expression may result in the increased spreading observed in the CHO-B2 av33
cells.
Finally, a third potential source of this difference may be a result of differential
signaling cascade as promoted by each integrin. An example of differential signaling was
reported by Danen et al. who observed that av33 and a5pl differentially activated RhoA
signaling which in turn affects the organization of matrix adhesions [65]. Similarly, both
integrins have different requirements for focal adhesion formation. In serum-free culture,
a5pl3-mediated focal adhesion and stress fiber formation requires syndecan engagement
(via integrins or the heparin-binding domain of fibronectin) or the exogenous addition of
LPA to induce RhoA activity [56, 58]. Therefore, it is possible that a53pl-mediated
adhesion could not be induced until serum factors such as fibronectin or LPA promoted
RhoA activity. It should also be noted that during routine culture, the CHO-B2 av33
cells appeared to spread more quickly than the CHO-B2 a5pl cells, also suggesting that
multiple factors are likely involved for the differences observed in cell spreading on the
RGD surfaces. Therefore, it is important to recognize that these experiments show that
both integrins can mediate cell attachment to the RGD peptides we examined, but we
were unable to observe preferential binding of the either the av33 or the a5P 1 integrin to
the synergy-RGD peptide.
Future experiments using cell lines transfected with both integrins could be used
in combination with blocking experiments and immunostaining to determine if cell
adhesion was preferentially mediated to the synergy-RGD peptide through a specific
integrin. It is likely that results would be cell line dependent, and thus would need to be
examined in the context of a particular study. Direct studies of integrin affinity for the
synergy-RGD peptide could be performed using surface plasmon resonance studies or
competitive binding experiments. However, from the perspective of tissue engineering
applications, the cell adhesion studies are likely more informative as to the utility of the
synergy-RGD peptide.
2.5 Conclusions
In this work, we have provided evidence that the synergy-RGD peptide can
promote cellular adhesion via both the av33 and the a5pl integrin. The PHSRN synergy
motif did not increase cell spreading, focal adhesion formation, or stress fiber formation
in CHO-B2 cells expressing either av13 or a51pl only, suggesting that cell-type specific
behavior or integrin activation or signaling may be important in mediating PHSRN
synergy motif function. The crucial result of this work is that we have shown that the
synergy-RGD peptide can be used in biomaterials applications to mediate adhesion of
cells expressing either avP3 or a5pl 1, but functionality of the synergy site must be
determined independently.
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Figure 2.1 The known family of integrin receptors. Reprinted from Cell, 110, Hynes RO,
Integrins: bidirectional, allosteric signaling machines, p. 673-87, 2002, with permission
from Elsevier.
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Figure 2.3 Synthesis of PEO macromonomer (a), synthesis of PMMA-g-PEO (b),
reaction of PMMA-g-PEO with PMPI (c), and coupling of a thiol-bearing peptide to
PMMA-g-PEO through PMPI (d). Reprinted with permission from Biomacromolecules,
8, Kuhlman W, Taniguchi I, Griffith LG, Mayes AM, Interplay between PEO tether
length and ligand spacing governs cell spreading on RGD-modified PMMA-g-PEO comb
copolymers, p. 3206-13, 2007. Copyright 2007 American Chemical Society.
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Figure 2.4 Schematic illustration of surface preparation. Surfaces are spin cast from
PMPI-activated PMMA-g-PEO (a) and then exposed to peptide solution (b) to produce
the peptide-bearing surface (c). Reprinted with permission from Biomacromolecules, 8,
Kuhlman W, Taniguchi I, Griffith LG, Mayes AM, Interplay between PEO tether length
and ligand spacing governs cell spreading on RGD-modified PMMA-g-PEO comb
copolymers, p. 3206-13, 2007. Copyright'2007 American Chemical Society.
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Figure 2.5 Percentage of cells expressing a) a5l1 and b) avp3 integrins in CHO-B2 cell
lines transfected with control vector (Control Cells), or vector containing a5 integrin
subunit (a5B 1 Cells), or P3 integrin subunit (avB3 Cells). a5pl expression was only
detected in CHO-B2 a51l cells and avp3 was only detected in CHO-B2 av33 cells.
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Figure 2.7 20X Images of actin-stained CHO-B2 pcDNA control cells on a) glass and b)
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Figure 2.8.2 20X Images of actin-stained CHO-B2 a531 cells on c) 25 gM synergy-RGD,
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Figure 2.9.1 60X deconvolved images of vinculin (red) and actin-stained (green) (CHO-
B2 a5pl cells on a) mock tethered, b) glass, c) 25 •tM synergy-RGD surfaces.
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Figure 2.9.2 60X deconvolved images of vinculin (red) and actin-stained (green) CHO-
B2 a5p 1 cells on d) 25 jtM scrambled synergy-RGD surfaces.
Figure 2.10 60X deconvolved images of vinculin (red) and actin-stained (green) CHO-B2
pcDNA control cells on 25 tM synergy-RGD.
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Figure 2.11 10X images of actin-stained CHO-B2 a5pl cells on a) glass, b) 25 tM
synergy-RGD, c) 25 ýiM scrambled synergy-RGD surfaces, d) 100 tM synergy-RGD,
and e) 100 tM scrambled synergy-RGD surfaces.
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Figure 2.12.1 20X images of actin-stained CHO-B2 a5p31 cells on a) glass, b) 25 pM
synergy-RGD, c) 25 iM scrambled synergy-RGD surfaces.
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Figure 2.12.2 20X images of actin-stained CHO-B2 a53pl cells on d) 100 ýtM synergy-
RGD and e) 100 jM scrambled synergy-RGD surfaces.
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Figure 2.13.1 60X deconvolved images of vinculin (red) and actin-stained (green) CHO-
B2 a5pl cells on a) 25 pM synergy-RGD surfaces.
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Figure 2.13.2 60X deconvolved images of vinculin (red) and actin-stained (green) CHO-
B2 a5131 cells on b) 100 jpM synergy-RGD surfaces.
Figure 2.13.3. 60X deconvolved images of vinculin (red) and actin-stained (green) CHO-
B2 a5pl cells on c) 100 [tM scrambled synergy-RGD surfaces.
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Chapter 3. Tethered EGF enhances connective tissue progenitor
osteogenic colony formation
3.1 Introduction
Bone marrow contains a diverse population of connective tissue stem and progenitor cells
that contribute to the formation of new tissues after injury [1-5]. When marrow aspirate is plated
in culture, these cells adhere, exhibit fibroblastic morphology, and proliferate to form colonies
(Figure 3.1) with multilineage differentiation potential [6-13]. Such colony-forming cells --
about one out of 20,000 nucleated marrow aspirate cells [14-16] -- can form bone, cartilage and
fat when transplanted in vivo [7, 8, 17]. Colonies formed from marrow aspirates are
heterogeneous in size and appearance, likely reflecting a spectrum of stem-to-early progenitor
properties in the population giving rise to colonies. Various terminologies have been employed
to describe this marrow-resident population and their culture-expanded progeny, including
mesenchymal stem cells (MSCs) [18], bone marrow stromal cells [6], skeletal stem cells [19]
adult multipotential progenitor cells [20, 21], and connective tissue progenitors (CTPs). The
present work concerns properties of adherent marrow cells that form colonies, and we use the
term CTP in deference to both the heterogeneity and the range of differentiation potential [22,
23].
Among the many potential regenerative applications of marrow-derived CTPs that are
envisioned, regeneration of bone by intraoperative addition of autologous bone marrow aspirate
to bone grafts (including ceramics and demineralized bone matrix) is already clinically practiced
[24-28], though not as a routine replacement for autograft bone. Recently, it has been shown in
canine models of spinal fusion and segmental defect repair that the success of bone grafts can be
enhanced using an approach that filters marrow through the graft and results in both selective
retention of CTPs over other nucleated cells and concentration of CTPs to a greater number per
unit volume [29-31]. While the mechanisms underlying enhanced healing in these studies are
not yet known, these results motivate additional studies aimed at understanding and manipulating
the CTP population in marrow-supplemented grafts to improve healing.
Survival and function of CTPs following implantation are influenced by local
environmental cues. The scaffold or matrix used in the graft provides not only mechanical
support, but is a source of adhesive molecules and soluble factors that regulate CTP behavior.
While natural scaffolds such as demineralized bone provide such cues, such scaffolds also have
inherent limitations in size, mechanical properties, biological activity from lot-to-lot, and other
features, thus motivating design of synthetic scaffolds with precise properties for particular
indications [32-37]. In this regard, much attention has focused on the use of bone
morphogenetic proteins (BMPs) in grafts, and clinical efficacy of BMP 2 and BMP-7 have been
demonstrated in several indications, though results are not uniformly successful [38-41]. BMP-2
acts on early progenitors to induce a program leading to osteogenic differentiation, and its
actions in humans can be antagonized by signaling from growth factors activating Map kinase
pathway [42, 43].
In scenarios where marrow aspirates are transplanted, providing signals that act on CTPs
to enhance survival and proliferation, upstream of where BMPs act to induce differentiation
programs, may enhance overall healing by increasing the number of cells that are capable of
forming bone. Ligands for the epidermal growth factor (EGF) receptor are candidates for such
cues, as the EGF receptor plays important roles in bone development and homeostasis [44-48],
and is in particular an important regulator of CTP behavior [49-54]. When stro-1 positive cells
from human marrow are plated on fibronectin and maintained in serum-free medium,
supplementation with soluble EGF in a physiological range (-2 nM) fosters the same extent of
colony formation as does serum supplementation [53]. In the presence of serum, EGF receptor
ligands stimulate proliferation of culture-expanded CTPs without inhibiting subsequent
differentiation [49, 55]. Under some experimental conditions, EGF may also influence
osteoblastic differentiation. EGF was shown to increase the number of mineralized nodules
formed by rat calvarial cells at low density, but decrease nodule formation at higher densities
[56]. When added to osteogenic culture medium, EGF was also observed to increase alkaline
phosphatase activity in culture expanded MSC [50].]
Although in vitro studies typically employ soluble EGF, there are several potential
advantages in presenting EGF as a matrix-tethered molecule for applications in tissue
engineering [57]; i.e., in linking EGF to the scaffold so that it is competent to bind and activate
the EGF receptor, but not internalized and degraded. This mode mimics features of the
physiological presentation of EGF receptor ligands that act in juxtacrine fashion or are matrix-
bound. The potential advantages include better control of local EGF concentration, reduction in
receptor downregulation, and prolonging overall signaling [57]. Tethered EGF may also alter
the balance of downstream signaling pathways activated by the EGFR compared to activation by
soluble EGF. Indeed, tethered EGF, but not soluble EGF, enhances cell spreading and protects
culture-expanded human CTPs from pro-death inflammatory cues [58].
We therefore hypothesized that tethered EGF might also act beneficially on CTPs in fresh
human bone marrow aspirates. We tested the ability of tethered EGF to increase the number of
osteogenic CTP colonies generated from freshly aspirated human bone marrow plated in serum-
containing medium, and whether the effects of tethered EGF were influenced by variation of the
adhesive properties of the substrate. Our results indicate that tethered EGF provides an
advantage in colony formation in vitro, and hence delivery of EGF in tethered format in vivo
may provide cues beneficial for survival and proliferation of CTPs in bone healing indications.
3.2 Materials and methods
3.2.1 Ligand-modified culture substrates
Substrates were prepared to present tethered EGF against an adhesion background of
adsorbed fibronectin (Fn), adsorbed serum proteins, or a branched minimal Fn-derived adhesion
peptide designed to mimic the adhesion sites in the 9th -10th domains of Fn. This peptide, which
we designate "synergy-RGD" contains two lysine-linked branches, one containing a RGD-
adhesion domain and the other a PHSRN-synergy sequence, a GGC stem attached to the lysine
side chain for covalent linkage to the polymer [59]. Polymer-coated glass slides modified with
ligands of interest were prepared as described earlier [58] with minor modifications to expand
the range of adhesive ligands presented with tethered EGF. All substrates were prepared from
blends of two different poly(methyl methacrylate)-graft-poly(ethylene oxide) (PMMA-g-PEO)
amphiphilic comb copolymers [60]: CC1 (32 wt% PEO) resists cell adhesion unless modified
with adhesion peptides and fosters high-density ligand clustering; [60, 61]; CC2 (20 wt% PEO)
allows cell attachment mediated by serum protein adsorption [58]. CC1 was activated with 4-
nitrophenyl chloroformate (NPC) (Alpha Aesar, Ward Hill, MA) [58, 61] to target the N-
terminal amine of murine EGF, and with N-[p-Maleimidophenyl]isocyanate (PMPI) (Pierce
Biochemical, Rockford, IL) to target thiol-terminated adhesion peptides, as described previously
[59, 62]. Unmodified CC1, unmodified CC2, PMPI-activated CC1, and NPC-activated CC1
were blended in specific proportions to give a 20 mg/mL solution in toluene, spin-coated onto 18
mm square glass coverslips pre-treated with Siliclad (Gelest Inc., Morrisville, PA) to a thickness
of-75 nm, vacuum-dried, then modified by adhesion ligands and/or EGF (see below) to create 4
unique polymer surfaces (Table 3.1), some of which were further treated by adhesion of
fibronectin or serum.
Table 3.1
Adhesion Mediating Tethered Growth
Blend Component Percentage Factor Component Percentage Bulk Percentage
1 Non-Resistant CC2 100% None
EGF-modified
2 Non-Resistant CC2 60% CCI 40%
Synergy-RGD- Resistant
3 modified CCI 25% None CCI 75%
Synergy-RGD- EGF-modified Resistant
4 modified CCI 25% CCI 40% CCI 35%
Covalent linkage of the synergy-RGD peptide was accomplished by reacting substrates
with a 25 p.M solution of the peptide in phosphate buffered saline (PBS) containing 10 mM
Tris(2-Carboxyethyl) phosphine hydrochloride (TCEP; Sigma, St. Louis, MO) at pH 7.5 for 2 hr
at room temperature [59]. The peptide density was about 20,000 RGD/p.m2 based on
measurements made previously [59]. Covalent linkage of murine EGF (PeproTech, Rocky Hill,
NJ) to substrates, through the N-terminal amine of the EGF, was accomplished by incubating
substrates for 20-24 hr with a 25 p.g/mL solution of EGF in 100 mM phosphate buffer (pH 8.5-
8.7) at room temperature, followed by rinsing 3X and blocking unreacted sites with 100 mM Tris
buffer [58]. Substrates presenting tethered EGF against the synergy-RGD adhesion background
were produced by sequential reaction of each ligand, because the PMPI reaction with thiols and
the NPC reaction with amines proceed at different values of pH [58, 59]. All surfaces containing
tethered EGF were stored in PBS and used within 3 weeks of EGF coupling. Where indicated, Fn
(Sigma, St. Louis, MO) was adsorbed to substrates 1 and 2 (Table 3.1) by incubating substrates
with a 10 pg/mL solution in PBS for 2 hr at room temperature, rinsing 3X with PBS, then
blocking for 1 hour at room temperature with 1% bovine serum albumin (Sigma, St. Louis, MO),
and rinsing 3X. Fn coating was performed within a day of use.
3.2.2 Bone marrow aspiration
Human bone marrow was obtained from 39 normal donors and patients presenting to Dr.
G.F. Muschler prior to an elective orthopedic procedure. All subjects were enrolled with full
informed consent under a protocol, which was approved by the Institutional Review Board of the
Cleveland Clinic. 2 mL of bone marrow was isolated from the iliac crest of volunteers as
described previously [15, 61]. Briefly, bone marrow was aspirated into a 10-ml plastic syringe
containing 1 ml of saline containing 1000 units of heparin. Subsequent aspirates were taken
using identical technique through separate cortical perforations separated by at least 1 cm,
moving posteriorly along the iliac crest. Four aspirates were harvested from each side. The
heparinized marrow sample from each site was suspended into 20 ml of MEM-a containing 2
unit/ml Na-heparin and sealed in a 50-ml test tube for transportation to the cell culture
laboratory. All samples were harvested by Dr. G.F. Muschler.
The aspirated bone marrow was centrifuged for 10 minutes at 1500 RPM. The buffy coat
was isolated and re-suspended in complete medium, MEM-a containing, 50 mg/ml sodium
ascorbate, antibiotic-antimycotic (Invitrogen, Chicago, IL), and 10% fetal bovine serum
(BioWhittaker, Walkersville, MD, USA), using a lot that was selected on the basis of enhancing
osteogenic differentiation.
3.2.3 CTP/CFU assay
Treated coverslips were placed in the wells of 2-chamber Lab-Tek culture slides (Nunc,
Rochester, NY), with one coverslip covering the bottom of each chamber on the slide, sterilized
under UV for 30 min, and seeded with 0.5 million cells (approximately 1.5 x 105 nucleated
cells/cm 2) in complete medium.
For each individual donor, 4 coverslips for each surface condition being examined were
seeded with bone marrow cells. In addition to comb copolymer surfaces, untreated glass
surfaces were also seeded, and served as the positive control for each donor.
Cultures were maintained at 370C in a humidified atmosphere of 5% CO 2 in air. The
culture medium was changed 48 h after plating and the non-adherent cells from each chamber
were replated on glass slide surfaces. Where indicated, soluble EGF was added at 10 ng/mL at
plating and with each medium change.
The initial and replated cultures were maintained for 4 and 6 additional days,
respectively. Cultures were then washed twice with PBS and fixed. After fixation, cells were
stained with DAPI and for alkaline phosphatase with VectorRed (Vector Labs, Burlingame, CA).
Clusters of 8 or more cells staining positive for alkaline phosphatase were scored as an
osteogenic colony. Colonies on original substrates were defined as "early adherent colonies",
as they originated from cells that adhered to the test surfaces within 48 h of plating. Colonies
formed on glass slides from the re-plating of cells that were non-adherent at 48 h were defined as
"late adherent colonies." Figure 3.2 shows the schematic of the colony-forming unit (CFU)
assay for CTP colony formation.
3.2.4 Surface conditions
Over the course of 3 experiments, 9 experimental surface conditions were studied. Three
individual adhesion conditions were studied. Polymeric scaffolds promoted adhesion either via
synergy-RGD peptide, pre-adsorbed fibronectin, or adsorbed serum. These adhesion conditions
were then studied in concert with 3 different EGF conditions: no EGF, tethered EGF, or soluble
EGF. The conditions are illustrated in Figure 3.3.
3.2.5 Statistical analysis
For each of the 3 experiments, bone marrow from a given donor was used to study each
surface condition, so that data could be analyzed in the context of an individual patient. For each
experimental condition, the prevalence of osteogenic colonies that formed was calculated by
dividing the total number of colonies that formed on all of the surfaces per million seeded cells.
The prevalence for each experimental surface was then normalized to the prevalence of colonies
that formed on the glass control surface for each individual donor. The normalized prevalence of
early-adherent colonies normalized to the prevalence of early-adherent colonies formed on glass
controls is colony forming unit efficiency (CFE). The same procedure was applied with the late-
adherent colonies to determine the normalized number of late-adherent colonies that formed on
glass after being removed from a given experimental surface. Each data point for CFE was log
base-2 transformed and a mean CFE and 95% confidence levels for each experimental condition
were calculated across all patients in log base-2 space. It should be noted that 3 data points had a
CFE equal to 0. Therefore, these values were set to '/ the smallest non-zero CFE for the rest of
the data set for that condition, prior to the log transformation. A Shapiro-Wilk test was used to
assess the normality of each data set, and data sets were assumed to be normal if p>.05. To test
for statistical differences between surface conditions, a two-way matched pair t-test was
performed in log-2 space. In the event that a data set for a surface condition was non-normally
distributed, a Wilcoxon Signed-rank test was also used to test for significant differences between
surface conditions. Using a p=.05 as the cutoff for significance, no differences in statistical
conclusions were observed for any comparison with non-normally distributed data sets using
either the matched pair t-test or the Wilcoxon Signed-Rank test.
The same procedure was performed for the normalized number of late-adherent colonies.
For two donors, the glass control surfaces had 0 colonies, making normalization impossible.
This data was therefore not included in the calculation of mean and confidence levels for each
surface condition.
3.2.6 Image analysis
Quantitative image analysis (Figure 3.4) was performed on data from 9 donors using a
procedure described previously [63]. All surfaces were visually reviewed after the software was
used to automatically outline colonies. Colonies that were incorrectly outlined due to debris
were adjusted manually by the reviewer. The number of colonies was also assessed, to calculate
CFE as measured by image analysis. Additionally, the following metrics were analyzed for each
colony: the area of the colony expressing alkaline phosphatase, total colony area as defined by
the colony outline, and the number of cells per colony. For each patient, the median value for
each particular metric was assessed for all colonies (across all coverslips), and normalized to the
median of those metrics for colonies formed on glass controls. Each normalized data point was
log-2 transformed and an average value for each experimental condition was calculated across all
patients. 95% confidence levels were calculated and matched pair t-tests were performed in log-
2 space. As above, the Shapiro-Wilk test was used to assess the normality of each data set, and a
Wilcoxon signed-rank test was applied in addition to the matched pair t-test where appropriate.
As above, using a p=.05 as the cutoff for significance, no differences in statistical conclusions
were observed for any comparison with non-normally distributed data sets using either the
matched pair t-test or the Wilcoxon signed-rank test.
3.3 Results
3.3.1 Tethered EGF enhances osteogenic colony formation on minimal adhesion peptides
Formation of osteogenic colonies in culture requires cell adhesion, proliferation, and
expression of differentiation markers. In the CFU assay, marrow aspirates are plated at a density
of 1.5 x 105 nucleated cells/cm2, non-adherent cells are removed after 48 hr, and the number of
colonies (8 or more cells in a cluster) formed, along with determination of differentiation status,
are counted after 6 total days of culture. Differences in the final colony number may arise from
differences in the number of CTPs adhering initially, or differences in proliferation. These
processes are both influenced by cues from the culture substrate and cues from soluble medium
components.
We first asked whether tethered EGF could enhance colony formation under conditions
where adhesion was expected to be the limiting process in colony formation, as tethered EGF has
been shown to enhance spreading of culture-expanded CTPs [58]. We therefore used substrates
that foster adhesion through the minimal peptide adhesion moiety RGD (using the synergy-RGD
peptide). Substrates presenting minimal RGD-containing peptides support proliferation of
culture-expanded CTPs [61]. However, formation of colonies from human marrow aspirates on
these substrates is very significantly diminished compared to control adhesion environments,
even though CTPs express integrins known to interact with RGD-containing matrix proteins
[61]. We observed here an average CFE of 0.27 on RGD substrates, confirming that colony
formation on RGD is significantly diminished compared to glass controls (Figure 3.5). However,
tethered EGF increased colony formation on RGD almost 3-fold, resulting in an average CFE of
0.73. The minimal RGD adhesion sequence is not sufficient to engender full adhesion and
spreading by all integrins that recognize the RGD sequence [64-68] and tethered EGF might be
substituting for additional adhesion signals present in full-length matrix proteins such as Fn or
the mixture of adhesion molecules present in serum. We thus next sought to determine whether
tethered EGF would increase colony formation on substrates presenting a more extensive array
of adhesion sites.
3.3.2 Tethered EGF enhances osteogenic colony formation on adsorbed serum and Fn
Osteogenic colony formation is typically assessed by plating cells in serum-containing
medium onto glass or plastic substrates so that adhesion is mediated by adsorbed serum proteins
[14, 16, 54, 69, 70]. Plating marrow in serum on control substrate (Blend 1 in Table 3.1), we
observed a significant increase in colony formation (CFE=0.41), compared to minimal RGD
peptide (0.27, p=.01 164) in the absence of tethered EGF (Figure 3.5). Further, tethered EGF
nearly doubled colony formation for cells plated in serum (CFE=0.74, p=.00003). Because
average CFE was <1.0 (suggesting that CTP availability was not depleted), we would expect the
magnitude of the increase in colony formation to be similar on serum and synergy-RGD, if
tethered EGF was increasing colony formation primarily through activation and proliferation. In
the presence of tethered EGF, CFE was statistically similar on synergy-RGD and adsorbed serum
(p=.90039), suggesting that the mechanism by which tethered EGF increases colony formation is
associated with initial cell adhesion and survival.
CTPs are also present in the "non-adherent" cell population removed after the initial 48
hr, and form "late-adherent" colonies when this cell population is replated on glass [71-73]. We
observed no significant differences between any conditions in the prevalence of late-adherent
colony-forming CTPs (Figure 3.6). Therefore, additional analyses to parse the affects of tethered
EGF on colony formation focused on early adherent CTPs. We also confirmed that, despite the
substantial variability among donors in the total prevalence of colonies (ealy+late) [16], there
was no obvious correlation between the total number of colonies formed on control substrates
and the CFE observed on the experimental substrates (Figure 3.7), suggesting that the observed
increase in colony formation as result of tethered EGF was not associated with differences in
total CTP prevalence among donors.
Among the adhesion molecules in serum, Fn has been shown to foster colony formation
in serum-free medium in a manner comparable to serum-supplemented medium [53, 74-78]. In
addition to the PHSRN and RGD sites in the 9 th- 10 th domains, Fn contains binding sites for
integrin a4pl1 and syndecans, hence would be expected to foster colony formation to a greater
extent that the minimal synergy-RGD peptide. Using a different cohort of donors than those
studied in Figure 3.5, we found that colony formation on Fn (CFE = 0.46) was statistically
similar to that for cells plated in serum (CFE=0.37, p=.09868), and greater than on synergy-RGD
(CFE=0.23, p=.00311) (Figure 3.8); CFE for cells plated in serum were similar for cohorts
presented in Figures 3.5 and 3.8. Notably, as with other adhesion environments, tethered EGF
increased colony formation for cells on Fn (CFE=0.59, p=.00488). When compared to the other
surfaces with tethered EGF, interestingly, colony formation was similar to that on the synergy-
RGD surfaces (CFE=0.58, p=.72426) but greater than on serum (CFE=0.47, p= .03676). This
result may indicate that there is a synergistic effect of tethered EGF and synergy-RGD-mediated
adhesion on colony formation. However, considering that CFE was statistically similar on
synergy-RGD and serum in the presence of tethered EGF in our initial study which included a
larger donor population, it is more likely that this result is specific to this smaller cohort of
donors. Even though CFE was much greater on fibronectin than on synergy-RGD in the absence
of tethered EGF, when EGF was tethered to the substrate, CFE was similar on fibronectin and on
synergy-RGD, lending further support to our hypothesis that tethered EGF is increasing the
attachment and survival of CTPs, rather than increasing proliferation.
3.3.3 Soluble EGF is less effective than tethered EGF in fostering colony formation
The EGF receptor initiates multiple intracellular signaling pathways and is subject to
ligand-mediated internalization and downregulation. Restricting internalization of the ligand-
bound EGF receptor (for example via external tethering of ligand or mutation of the receptor)
alters the balance of signaling pathways compared to the canonical soluble EGF ligand, and can
dramatically alter downstream phenotypic responses [58, 79-81]. In culture-expanded human
CTPs and in an immortalized human MSC cell line, soluble EGF is far less effective than
tethered EGF in promoting cell spreading and in protecting cells from FasL-mediated cell death
[58] and decreases colony formation from rabbit marrow cells plated in the presence of serum
[54]. However, soluble EGF promotes colony formation from human cells on fibronectin in
serum-free medium to a degree comparable to serum-supplemented medium [52, 53]. When we
add soluble EGF (10 ng/mL) to cells plated on Fn in serum-containing medium, colony
formation is significantly decreased compared to the control no EGF case (CFE=0.32,
p=.00200), whereas tethered EGF significantly increased colony formation.
This large difference in CFE led us to further investigate the effect of soluble EGF on
colony formation, on both serum and synergy-RGD, in a cohort of 9 donors with an average age
of 58.25. As shown in Figure 3.9, tethered EGF again enhanced colony formation on both
synergy-RGD (p=.03079) and serum (p=.00204). Unlike tethered EGF, however, soluble EGF
did not appear to affect colony formation on either synergy-RGD (p=.39254) or serum
(p=. 18492). While differences in local concentration can arise when comparing ligand
presentation in 2D and 3D, it has been previously shown that the restriction of EGFR signaling
to the surface of cells can lead to differential cell behaviors [80, 82]. Furthermore, previous
work using similar conditions showed that the restriction of EGFR signaling to the surface of
MSC increased ERK-mediated cell spreading and survival [58]. Therefore, our results appear to
indicate that the modality of EGF presentation can play an important in promoting osteogenic
colony formation.
3.3.4 Tethered EGF enhances CFE in multiple donor populations
Because number of CTPs available within a bone marrow sample is affected by factors
such as age and health [16], we asked if tethered EGF-induced colony formation might be
affected by different donor populations. While the majority of bone marrow donors in this study
suffered from osteoarthritis, several donors were healthy volunteers, enabling us to
retrospectively compare the data from these two populations. Because a number of donors
presented with multiple indications, we restricted our analysis to donors who suffered from only
osteoarthritis. This population consisted of 24 donors with an average age of 62.8, whereas the
volunteers included 7 donors with an average age of 39. As shown in Figures 3.10 and 3.11,
tethered EGF significantly increased CFE in both donor populations, on both synergy-RGD and
serum (p<.01 for all comparisons between surfaces with tethered EGF vs. those without tethered
EGF). While there hasn't been any reported systemic bone marrow abnormalities associated with
osteoarthritis [16], this data emphasizes the robustness of the observed CFE enhancement
associated with tethered EGF.
3.3.5 Tethered EGF increases colony size on serum
A retrospective analysis on the colony formation of bone marrow from all 39 donors
included in this study (Figure 3.12) confirms our observations from the original cohort of 18
donors. Without tethered EGF, colony formation is slightly increased on serum (CFE=0.33)
compared to synergy-RGD (CFE=0.23, p=.00536). However, with tethered EGF, CFE is
enhanced on both synergy-RGD (CFE=0.62, p<.00001) and serum (CFE=0.57, p<.00001). Also,
as observed previously, in the presence of tethered EGF, CFE was similar on serum and synergy-
RGD (p=.2759), supporting our hypothesis that tethered EGF was enhancing the adhesion and
survival of CTPs. However, we did not rule out the possibility that tethered EGF might also be
influencing the proliferation of CTPs. While an initial enhancement of CTP activation and
proliferation would likely lead to an increase in colony number, induction of proliferation at a
later point would lead to an increase in colony size. Therefore, we used quantitative image
analysis to further study CTP proliferation by examining colony size.
Quantitative image analysis (QIA) was used to examine data from 9 of the donors. We
first examined CFE to ensure that the analysis was consistent with the hand-counted data. For
one donor, the CFE for all experimental surfaces was extremely high (in the range of 3.3-5.7),
which was significantly different from the hand-counted data for this patient, suggesting that
some of the colonies on the glass control surfaces were lost in the processing for QIA. As a
result, data from this donor is not included in the analysis, to prevent all data from being
improperly skewed. Therefore, only data from the other 8 donors, with an average age of 65,
was considered for QIA. As shown in Figure 3.13, QIA revealed a similar increase in CFE on
both serum and synergy-RGD in the presence of tethered EGF. Interestingly, as shown in Figure
3.14, QIA indicated that tethered EGF increased the median area of colonies formed on serum,
compared to all other conditions (p<.01 for all comparisons). However, median colony area was
similar on the other 3 conditions. Because an increase in colony area could be a result of
increased cell number resulting from proliferation, or increased migration, we also used QIA to
assess the number of cells within a colony. QIA (Figure 3.15) revealed that colonies formed on
serum in the presence of tethered EGF consisted of more cells compared to those formed without
tethered EGF (p=.00130) suggesting an increase in CTP proliferation in the presence of tethered
EGF. However, cell number was similar on synergy-RGD in the presence or absence of tethered
EGF. A surprising result was that cell number was similar in colonies formed on serum+tethered
EGF and colonies formed on both synergy-RGD surfaces, even though colony area on
serum+tethered EGF was larger. This suggests the possibility that a complex interplay exists
between tethered EGF and adhesive ligands, which might affect both CTP migration and
proliferation. Further studies are needed to elucidate these interactions.
3.3.6 Tethered EGF does not affect the number of cells expressing alkaline phosphatase
within a colony
CFE as measured by QIA differs from the hand-counting procedure, in that the QIA
measures all colonies, whereas the hand-count procedure measures only colonies expressing
alkaline phosphatase. In the hand-counted data, colonies that do not express alkaline
phosphatase are not included in the CFE measurements. A possible interpretation of the hand-
count data could therefore be that tethered EGF was not increasing colony formation, but was
promoting a higher percentage of colonies to express alkaline phosphatase. However, the CFE
as measured by QIA (Figure 3.13) reflects all attached colonies, regardless of alkaline
phosphatase expression. Therefore, the increase in CFE observed with QIA supports our
hypothesis that tethered EGF is increasing CFE through the adhesion and survival of CTPs.
However, we did not rule out the possibility that tethered EGF might also be affecting osteogenic
differentiation, as has been observed in other studies with MSCs [50].
On all surfaces, approximately 80-90% of colonies appeared to express alkaline
phosphatase, regardless of the surface condition (Cynthia Boehm, personal communication),
which is similar to previous studies [611. In the hand-counted data, colonies are scored as
positive or negative for alkaline phosphatase expression, even though individual colonies may
express different levels of alkaline phosphatase activity. Therefore, we asked if tethered EGF
was affecting alkaline phosphatase expression in a manner that was not obvious in the hand-
counted data. With QIA, it is possible to examine the number of cells expressing alkaline
phosphatase within a colony by measuring the area of a colony expressing alkaline phosphatase,
and normalizing it to the number of cells within that colony. However, Figure 3.16 shows that
the number of cells expressing alkaline phosphatase within a colony was similar across all
conditions (p>.05 for all comparisons). Because the intensity of alkaline phosphatase expression
is not being quantified in this procedure, it is possible that tethered EGF may increase the level
of alkaline phosphatase expression within a colony. It should also be pointed out, that for the
colonies formed on synergy-RGD, 6 of the 8 donors showed a decrease in the number of cells
expressing alkaline phosphatase with tethered EGF. This suggests that under some conditions,
tethered EGF may act to suppress osteogenic differentiation, and that this effect is abrogated
when adhesion is mediated by native extracellular matrix proteins. These results also suggest
that additional experiments are needed to elucidate the effects of tethered EGF on the osteogenic
differentiation of CTPs.
3.4 Discussion
In this study, we examined the effect of tethered EGF on osteogenic connective tissue
progenitor (CTP) colony formation from freshly aspirated human bone marrow for potential
tissue engineering applications. Our results showed that tethered EGF increased the number of
osteogenic colonies that formed on comb copolymer substrates across multiple adhesion
conditions. In the absence of tethered EGF, serum proteins increased the number of osteogenic
colonies that formed comb copolymer substrates compared to a small adhesion peptide; however,
this increase was smaller than the increase observed on substrates with tethered EGF. A key
observation was that this increase was not evident when cells were treated with soluble EGF at
10 ng/mL, suggesting that the modality of EGF presentation has a major effect on CTP colony
formation.
Muschler and Midura have modeled CTP differentiation towards an osteoblastic
phenotype as a series of steps including stem cell activation, proliferation, migration, and
terminal differentiation [83]. Activation essentially implies a transition of a stem cell from a
resting state to a proliferate state, which involves the birth of a progenitor cell. Because colony
formation is a product of these different cellular behaviors, the exact mechanism by which
tethered EGF promotes osteogenic colony formation is difficult to isolate. According to this
model, however, the number of osteoblasts formed within a region can be modeled as:
Nob = Ns2"
where Ns is the number of stem cells available for activation, E is the probability that a stem cell
will be activated, and g is the mean number of mitotic events between the time of activation and
terminal differentiation. Extending this model to the CFU assay, the number of colonies formed
on a substrate could be considered to be equal to Ns x e. For a first-pass analysis, it might be
assumed that tethered EGF could influence either activation (Figure 3.17) or adhesion and
survival (Figure 3.18). Assuming that the effects of tethered EGF and adhesion peptides are
decoupled, if tethered EGF increased , to a similar degree across all surface conditions, and N,
was constant for a surface condition, we would expect tethered EGF to increase colony
formation on all adhesive substrates to the same extent. Instead, we observed that the number of
colonies was statistically similar across all adhesive conditions in the presence of tethered EGF.
This is consistent with the hypothesis that tethered EGF maximized Ns on all surfaces, and e
remained constant. While it is simplistic to assume that the effects of tethered EGF and adhesion
ligands are decoupled, or that adhesion and activation are decoupled, our hypothesis that tethered
EGF is enhancing CTP attachment and survival is additionally supported by previous work [58].
Several previous studies have examined the effect of soluble EGF on CTP colony
formation. Using stro-l purified [70, 84] bone marrow mononuclear cells, Gronthos and
Simmons showed that under serum-deprived conditions, clonogenic colony growth required
platelet derived growth factor (PDGF) and EGF at 10 ng/mL [53]. Kimura et al. similarly
observed that PDGF and EGF increased colony formation in the presence of human plasma
derived serum [52]. In contrast, our studies showed that in the presence of serum-containing
media, soluble EGF at 10 ng/mL failed to enhance osteogenic CTP colony formation; however,
Owen et al. observed a decrease in rabbit-derived colonies when cultured in media containing 40
ng/mL EGF in addition to 10% FBS [54] suggesting that the presence of serum may play a
significant role in modulating the effect that EGF exerts upon colony formation. The inclusion
of serum better approximates a wound healing scenario in vivo, and the ability of tethered EGF
to promote colony formation in serum-containing media demonstrates its potential for use in
clinical applications. Further studies are required to elucidate the specific cellular mechanism
responsible for tethered EGF-induced enhancement of osteogenic colony formation in contrast to
soluble EGF. However, our studies suggest that tethered EGF is enhancing CTP attachment and
survival.
The direct and downstream signaling interactions that occur between growth factor
receptors and integrins has been studied extensively, and in most cases, adhesion is considered to
be a requirement for full EGFR-mediated signaling [85-89]. However, a few studies have also
shown that EGF-like repeats of tenascin-C and laminin can serve to promote EGFR-mediated
signaling and adhesion, demonstrating that the presentation of insoluble EGFR-ligands can affect
cell adhesion [76, 79]. Additionally, evidence exists showing EGFR-mediated effects on
adhesion-related behavior that is not strictly integrin-mediated. Kempiak et al. showed that
EGF-coated beads, which were coupled via a biotin-streptavidin linkage to minimize the release
of EGF, promoted localized adhesion-independent actin polymerization and ERK-activation,
when brought in contact with cells overexpressing EGFR [81]. These results strongly support
previous work showing that tethered EGF promoted the spreading of culture expanded CTPs in
an EGFR-dependent, ERK-mediated manner.
In this work, we have not distinguished between adhesion and survival because of the
inability to separate the individual contributions of these behaviors to colony formation, from
both limitations in the CFU assay, as well as the importance that adhesion has on cell survival
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[90]. However, much evidence has implicated both EGF-induced signaling and ERK as
effectors of cell survival, supporting our hypothesized mechanism underlying our results [91-93].
Due to the inherent limitations in working with donated marrow, we did not perform the
CFU assay using inhibitors to verify the dependence of colony formation on EGFR
phosphorylation or ERK-signaling. Therefore, we cannot definitively rule out other possible
underlying mechanisms that are not induced by EGFR-signaling. One possibility would be that
increased colony formation was solely a result of an increase in the mechanical attachment of
cells resulting from a large number of EGF-EGFR binding events. This is unlikely due to the
fact that the density of EGF on the polymer surfaces is significantly lower than the density of
synergy-RGD. Furthermore, an enhancement in colony formation was observed even on highly-
adhesive Fn substrates. Another possibility is that the tethered EGF is promoting the selective
adsorption of serum factors that can then promote differential cell signaling. However, previous
results with culture expanded CTPs using a similar experimental system suggest that our
observed effects are EGFR-mediated [58].
Recently, Tamama et al. showed that EGF induced the proliferation and motility of
immortalized MSCs under low serum conditions, but did not affect differentiation, suggesting
that EGF could be used for the ex vivo expansion of MSCs [49]. Our observation that tethered
EGF increased colony size and the number of cells per colony on serum suggests that tethered
EGF may have a similar proliferative effect on CTPs, at a time point that occurs after a CTP
activation step. Because CTP differentiation proceeds as the cells within the colony proliferate,
it is unclear, however, if this proliferative effect is dependent upon the differentiated state of the
cells within a colony. Interestingly we did not see a tethered EGF-induced increase in colony
area or cell number per colony on synergy-RGD which might imply a synergistic effect between
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tethered EGF and native ECM molecules, but needs to further investigated. When all donors
were considered, our results also suggested that at early time points, tethered EGF was not
increasing the number of cells expressing alkaline phosphatase, an early marker for osteogenic
activity. However, because the QIA used to assess alkaline phosphatase expression is not
quantitative for staining intensity, it is unclear if tethered EGF may be affecting the expression
levels of alkaline phosphatase, which may provide a better indicator of osteogenic activity.
Interestingly, in 6 of 8 donors, tethered EGF was observed to decrease the number of cells
expressing alkaline phosphatase within colonies formed on synergy-RGD. However, this was
not evident for colonies formed on serum. These results suggest that for at least some donor cell
populations, tethered EGF might affect CTP differentiation, and that this effect may be
influenced by the adhesive environment. This is consistent with previous work suggesting that
both EGFR-mediated signaling and different adhesion molecules can affect differentiation under
certain culture conditions in a time-dependent manner [50, 76, 77].
It is clear that additional studies of signaling mechanisms are necessary to elucidate the
way in which tethered EGF enhances osteogenic colony formation. Due to the limitations in
acquiring freshly aspirated bone marrow, initial studies on culture expanded CTP populations
can guide more focused studies with primary cell sources. Some studies are currently being
performed in our laboratory, by Manu Platt and Shan Wu. When passage 3 CTPs are seeded on
serum-adsorbed surfaces, tethered EGF has been observed to increase the number of cells
adhering to substrates at 4 hours (communications with Manu Platt, unpublished data) supporting
our hypothesis that tethered EGF is enhancing of the attachment and survival of freshly aspirated
CTPs. The signaling mechanisms underlying this effect are still being elucidated, but
considerable attention is focused on focal adhesion kinase which is known to integrate EGFR-
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and integrin-mediated signals [85, 86]. Additionally, tethered EGF has been observed to
promote the proliferation of passage 3 CTPs on serum-adsorbed surfaces, in both basal growth
medium and osteogenic medium, as well as to increase alkaline phosphatase expression for CTPs
cultured in osteogenic medium (communications with Manu Platt, unpublished data). Clearly,
the observation that tethered EGF increases attachment and proliferation on serum-adsorbed
surfaces strongly supports the increased colony number and colony size observed in our results.
While we did not observe an increased number of cells expressing alkaline phosphatase, it is
likely that differences in the assays utilized can account for our different observations.
The effects of tethered EGF induced-migration CTPs derived from freshly aspirated
marrow, however, are less clear. Interestingly, total colony area was greater on serum in the
presence of tethered EGF compared to both synergy-RGD surfaces even though cell number per
colony was similar, suggesting that the observed increase in area may be a result of tethered
EGF-migration on serum. However, because of the relationship between adhesive substrate and
migration speed [94, 95], additional experiments are needed to distinguish these individual
effects. However, there is substantial evidence for tethered-EGF induced migration [96], as well
as EGFR-mediated migration of immortalized MSCs [49]
Initial signaling studies with passage 3 CTPs suggest that tethered EGF is increasing the
levels of ERK (communications with Manu Platt, unpublished data), which is again similar to
previous studies [58], and supports the work by Kempiak et al. described previously [81].
Interestingly, tethered EGF was also seen to increase Akt, but decrease total levels of EGFR,
suggesting a possible negative feedback mechanism resulting from the inability of tethered EGF
to be internalized. Future work will attempt to identify additional important signals, and more
direct effectors regulating the cell behavior induced by tethered-EGF. Once these signals and
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effectors have been identified in culture expanded CTP systems, these molecules can be targeted
in assays of freshly aspirated CTPs to further elucidate the mechanisms responsible for tethered
EGF-enchanted CTP colony formation. At this point in time, however, evidence supports our
hypothesis that tethered EGF is increasing the adhesion and survival of freshly aspirated CTPs,
and may also promote the proliferation of cells with colonies formed on serum.
3.5 Conclusion
In conclusion, this study has shown that tethered EGF enhances CTP osteogenic colony
formation across multiple adhesion conditions. We have shown that by tethering EGF to a
biomaterial surface, we are able to achieve an increase in CFE not achievable through the use of
soluble EGF, which has particular importance from the perspective of clinically applicable
biomaterials
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3.7 Figures
Figure 3.1 Image of alkaline phosphatase positive connective tissue progenitor colony.
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Figure. 3.2 Protocol for bone marrow aspirate colony forming unit (CFU) assay. Open
circle: non-adherent bone marrow cells. Closed circle: colonies of adherent cells derived
from adherent CTPs.
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Figure 3.3 Schematic of surface conditions used in colony forming unit assay and
abbreviations used for data plots. Top row: no epidermal growth factor (EGF). Middle
row: tethered EGF. Bottom row: soluble EGF at 10 ng/mL.
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Figure 3.4 Example of quantitative image analysis of connective tissue progenitor
osteogenic colony formation, showing quantification of cell nuclei, cell area, and alkaline
phosphatase.
115
2-
*0 0
1 0
o 1-
S105*
.C o* *
0 1 0 1
o ,0 0,, 0.25
c0 0
0o
0 0.125
0 2 Mean+95% Conf. Interval
0.0625
synergyRGD CoTethered UnmodifiedComb tEGF
b)
Surface
Mean CFE
Lower 95% Conf. Level
Upper 95% Conf. Level
p-values: Shaprio-Wilk Normality Test
p-values: Matched-Pairs t-test
synergy-RGD
Co-Teth
Unmodified Comb
tEGF
synergy- Unmodified
RGD Co-Teth Comb tEGF
0.27 0.73 0.41 0.74
0.19 0.59 0.32 0.59
0.39 0.91 0.53 0.93
0.56105 0.74279 0.68768 0.54184
synergy- Unmodified
RGD Co-Teth Comb tEGF
X 0.00001 0.01164 0.00007
0.00001 X 0.00038 0.90039
0.01164 0.00038 X 0.00003
0.00007 0.90039 0.00003 X
Figure 3.5 a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto
synergy-RGD peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide +
tethered EGF surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and
serum-adsorptive surfaces + tethered EGF (tEGF) for a cohort of 18 donors with an
average age of 62. b) Table of statistical comparisons of CFE between the different
surfaces. Tethered EGF surfaces (CoTeth and tEGF) showed significant increases in CFE
in comparison to their respective controls (p<.05).
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Figure 3.6 a) Normalized number of late-adherent connective tissue progenitor colonies
formed on glass, after being removed from synergy-RGD peptide conjugated surfaces
(synergy-RGD), synergy-RGD peptide + tethered EGF surfaces (CoTethered), serum-
adsorptive surfaces (unmodified comb), and serum-adsorptive surfaces + tethered EGF
(tEGF). b) Table of statistical comparisons of late adherent colony formation between
the different surfaces. No significant differences were observed between any surfaces(p>.05).
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Figure 3.7 Left axis: colony forming efficiency for synergy-RGD peptide conjugated
surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF surfaces (CoTethered),
serum-adsorptive surfaces (unmodified comb), and serum-adsorptive surfaces + tethered
EGF (tEGF). Right axis: total number of early- and late-adherent colonies per million
cells seeded on glass control surfaces for each donor.
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Figure 3.8. a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto synergy-RGD
peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF surfaces (CoTethered),
serum-adsorptive surfaces (unmodified comb), serum-adsorptive + tethered EGF surfaces (tEGF),
fibronectin surfaces (FN), fibroenctin + tethered EGF surfaces (FN+tEGF), and fibronectin + soluble EGF
surfaces (FN+sEGF) for a cohort of 12 donors with an average age of 51. b) Table of statistical
comparisons of CFE between the different surfaces. Tethered EGF surfaces (CoTeth, tEGF, and FN+tEGF)
showed significant increases in CFE in comparison to their respective controls (p<.05). FN+sEGF showed
a significant decrease in CFE compared to FN only (p<.05).
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Figure 3.9. a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto synergy-RGD
peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF surfaces (CoTethered),
synergy-RGD peptide + soluble EGF surfaces (RGD+sEGF), serum-adsorptive surfaces (unmodified
comb), serum-adsorptive + tethered EGF surfaces (tEGF), serum-adsorptive + soluble EGF surfaces
(Comb+sEGF) for a cohort of 9 donors with an average age of 58. b) Table of statistical comparisons of
CFE between the different surfaces. Tethered EGF surfaces (CoTeth and tEGF) showed significant
increases in CFE in comparison to their respective controls (p<.05). Surfaces with soluble EGF
(RGD+sEGF and Comb+sEGF) were statistically similar to controls (p>.05).
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Figure 3.10 a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto
synergy-RGD peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide +
tethered EGF surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and
serum-adsorptive surfaces + tethered EGF (tEGF) for a retrospective study of 7 healthy
donors with an average age of 39. b) Table of statistical comparisons of CFE between the
different surfaces. Tethered EGF surfaces (CoTeth and tEGF) showed significant
increases in CFE in comparison to their respective controls (p<.05 ).
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Figure 3.11 a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto
synergy-RGD peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide +
tethered EGF surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and
serum-adsorptive surfaces + tethered EGF (tEGF) for a retrospective study of 24 donors
with osteoarthritis with an average age of 63. b) Table of statistical comparisons of CFE
between the different surfaces. Tethered EGF surfaces (CoTeth and tEGF) showed
significant increases in CFE in comparison to their respective controls (p<.05).
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Figure 3.12 a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto
synergy-RGD peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide +
tethered EGF surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and
serum-adsorptive surfaces + tethered EGF (tEGF) for a retrospective study of all 39
donors used in previous studies, with an average age of 58. b) Table of statistical
comparisons of CFE between the different surfaces. Tethered EGF surfaces (CoTeth and
tEGF) showed significant increases in CFE in comparison to their respective controls(p<.05).
123
0.5
0.25
0.125
0.0625
0.03125
synergyRGD
b)
Surface
Mean CFE
Lower 95% Conf. Level
Upper 95% Conf. Level
p-values: Shaprio-Wilk Normality Test
p-values: Matched-Pairs t-test
synergy-RGD
Co-Teth
Unmodified Comb
tEGF
p-values: Wilcoxon Signed-Rank Test
synergy-RGD
Co-Teth
CoTethered UnmodifiedComb tEGF
synergy- Unmodified
RGD Co-Teth Comb tEGF
0.19 0.70 0.23 0.51
0.10 0.41 0.13 0.35
0.37 1.20 0.41 0.75
0.02164 0.00013 0.3006 0.76842
synergy- Unmodified
RGD Co-Teth Comb tEGF
X 0.00623 0.27589 0.00213
0.00623 X 0.00527 0.08666
0.27589 0.00527 X 0.00162
0.00213 0.08666 0.00162 X
synergy- Unmodified
RGD Co-Teth Comb tEGF
X 0.008 0.195 0.008
0.008 X 0.008 0.109
Figure 3.13. a) Colony forming efficiency (CFE) of bone marrow aspirates seeded onto
synergy-RGD peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide +
tethered EGF surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and
serum-adsorptive surfaces + tethered EGF (tEGF) as measured with quantitative image
analysis for 8 donors with an average age of 65. b) Table of statistical comparisons of
CFE between the different surfaces. Tethered EGF surfaces (CoTeth and tEGF) showed
significant increases in CFE in comparison to their respective controls (p<.05).
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Figure 3.14 a) Normalized median area of colonies formed on synergy-RGD peptide
conjugated surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF surfaces
(CoTethered), serum-adsorptive surfaces (unmodified comb), and serum-adsorptive
surfaces + tethered EGF (tEGF) as measured with quantitative image analysis for 8
donors with an average age of 65. b) Table of statistical comparisons between the
different surfaces. Serum-adsorptive surfaces + tethered EGF (tEGF) showed significant
increases in median colony area in comparison to all other surfaces (p<0.05).
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Figure 3.15 a) Normalized median number of cells per colony formed on synergy-RGD
peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF
surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and serum-
adsorptive surfaces + tethered EGF (tEGF) as measured with quantitative image analysis
for 8 donors with an average age of 65. b) Table of statistical comparisons between the
different surfaces. Serum-adsorptive surfaces + tethered EGF (tEGF) showed significant
increases in cell number in comparison to control (Unmodified Comb) (p<.05).
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Figure 3.16 a) Normalized median area of alkaline phosphatase per cell on synergy-RGD
peptide conjugated surfaces (synergy-RGD), synergy-RGD peptide + tethered EGF
surfaces (CoTethered), serum-adsorptive surfaces (unmodified comb), and serum-
adsorptive surfaces + tethered EGF (tEGF) as measured with quantitative image analysis
for 8 donors with an average age of 65. b) Table of statistical comparisons between the
different surfaces. No significant differences were observed between any surfaces(p>.05).
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Figure 3.17 Schematic of mechanism in which tethered EGF increases colony formation
by enhancing the activation percentage of CTPs.
128
3. CTP Proliferation-)
Colony Formation
1. CTP
Attachment/Survival
2. CTP Activatior
No EGF
With Tethered
EGF
tEGF increases
adherent CTPs
Figure 3.18 Schematic of mechanism in which tethered EGF increases colony formation
by enhancing CTP adhesion and survival.
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Chapter 4. Conclusions and future directions
The overall goal of this thesis was to contribute to the development of tissue
engineering strategies that could be used in the design of synthetic bone grafting
materials that promote the selective retention of connective tissue progenitors (CTPs)
from freshly aspirated autologous bone marrow. As discussed earlier, CTPs are uniquely
capable of osteogenic differentiation, and retention of CTPs on a biomaterial in vivo
could contribute to faster bone healing and bone graft incorporation. Specifically, we
tested the hypothesis that tethered epidermal growth factor (EGF) could promote CTP
osteogenic colony formation using a poly(methyl methacrylate)-graft-poly(ethylene
oxide) (PMMA-g-PEO) amphiphilic comb copolymer system that allows tethered ligands
to be presented in a manner that allows natural signaling though integrin clustering and
EGF receptor dimerization. Because of the interplay between a cell's adhesion state and
growth factor induced cell behavior, we investigated the effect of tethered EGF under
multiple adhesion environments including adsorbed serum, pre-adsorbed fibronectin, and
covalently tethered synergy-RGD peptides.
The use of RGD-peptides as cell adhesion ligands has the benefit of allowing
quantification of binding sites, in comparison to adsorbed serum, with multiple matrix
proteins, or fibronectin, which can contain multiple binding sites of differing specificities.
The synergy-RGD peptide has been used previously in our lab to promote integrin-
mediated binding, although integrin specificity has been inconsistent between cell types.
In Chapter 2, we characterized the specific binding interactions promoted by the synergy-
RGD peptide using cells with a well-defined expression profile of RGD-binding
integrins. This information could be used to inform any differences that we observed
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between adhesive conditions in the course of our examination of tethered EGF on CTP
colony formation. While, with this cell system, we did not observe a synergistic effect on
cell adhesion and spreading resulting from the inclusion of the PHSRN synergy
sequence, we were able to show that the synergy-RGD peptide was capable of promoting
cell adhesion through both the a5pl and the avp3 integrin. Because both serum and
fibronectin can support both a5l1 and av33 binding, the synergy-RGD peptide would
allow us to study CTP colony formation on a surface that could provide a minimally
adhesive environment, but was also capable of mediating cell attachment through the
same set of integrins.
In Chapter 3, we investigated the effect of tethered EGF on osteogenic colony
formation in comparison to soluble EGF. Using the colony forming unit assay, we found
that tethered EGF enhanced osteogenic colony formation on surfaces seeded with freshly
aspirated bone marrow, suggesting that tethered EGF enhanced the retention of CTPs.
We observed a robust enhancement in colony formation across three different adhesive
conditions. Interestingly, in the absence of tethered EGF, colony formation was
increased on native ECM proteins; however, in the presence of tethered EGF, all surfaces
promoted a similar degree of colony formation, suggesting that increases in colony
formation were due to the tethered EGF-induced adhesion and survival of CTPs. Unlike
tethered EGF, soluble EGF failed to enhance colony formation, suggesting that the mode
of EGF presentation is an important factor. Additionally, we observed that tethered EGF
was able to enhance colony formation in distinct patient populations which is an
important consideration for future clinical application. Quantitative image analysis also
suggested that tethered EGF did not increase the number of cells undergoing osteogenic
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differentiation, but may promote proliferation and migration under specific adhesion
conditions.
The results of this work suggest that tethered EGF is a potential candidate for
inclusion in biomaterials for use bone grafting procedures with autologous bone marrow.
In addition to the clinical implications, this work has also contributed to the body of
research investigating the effect of EGF on CTP behavior and has also served to highlight
the importance of the mode of ligand presentation in tissue engineering applications and
associated cell behavior.
To further study the potential use of tethered EGF in clinical applications, an
obvious next step is to incorporate tethered EGF as a surface-modification to a synthetic
bone graft that can be tested in vivo, such as in a canine model. Ideally, tethered EGF
could be incorporated onto the surface of a polymer that has appropriate mechanical,
degradation, and geometric properties. Because the current work showed an
enhancement in colony formation on multiple surfaces, tethered EGF could be
incorporated onto a material that is resistant to non-specific adsorption and functionalized
with RGD peptides similar to the synergy-RGD included here, or alternatively, it could
be incorporated into a material that allows serum adsorption. The fact that tethered EGF
showed a positive effect on selective CTP retention in multiple adhesive conditions
makes it easier to identify a bulk material with ideal mechanical and degradation
properties that can also be functionalized with tethered EGF, making it more conducive
to in vivo testing.
Our results clearly support our initial hypothesis that tethered EGF could be used
to enhance CTP osteogenic colony formation from primary human bone marrow
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aspirates. The mechanism behind this enhancement appears to be a tethered EGF
induced increase in the initial attachment and survival of CTPs, which is supported by
previous results with culture expanded CTPs (Fan, Tamama et al. 2007). However, this
mechanism, as well as the signaling cascade responsible for our observations, requires
additional studies to be fully elucidated.
Previous studies have shown that tethered EGF induced cultured CTPs cell
spreading in an ERK-dependent manner, suggesting a possible mechanism for CTPs from
freshly aspirated marrow. Additionally, image analysis of individual colonies suggested
that tethered EGF might also affect migration and proliferation under certain conditions.
Although we did not observe increased osteogenesis, it is conceivable that tethered EGF
could affect the differentiation process at later time points. Due to the inherent
differences that can arise by culturing primary cells, ideally, signaling studies would be
performed using freshly aspirated CTPs to examine all of these mechanisms. However,
the time and difficulty in acquiring human marrow necessitates such studies, which
require many experimental conditions and large quantities of cells, to first be performed
on culture expanded cells, to narrow down signaling pathways to be studied with primary
cells. These studies are ongoing in our laboratory. Just as in this thesis, these studies are
being carried out in the context of different adhesion environments, which, together with
the above study of the adhesive interactions resulting from synergy-RGD peptide, can
also help to elucidate the interplay between integrin and growth factor mediated
signaling.
The work in this thesis has not only provided clear evidence that tethered EGF
can be used to promote CTP colony formation, but has motivated additional scientific
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questions that are important for tissue engineering in general, and bone grafting
applications in particular. Together with future studies examining tethered EGF in vivo,
this work can provide an important contribution towards orthopedic tissue engineering
therapies that can address a clear clinical need.
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